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Since TN 3208 was published, additional work by Professor Mickley
with the same equipment as used for the tests reported therein established
that significant errors were present in the experimentel work as reported.

For this test program, a woven fiberglas-nichrome wire heater cloth
was attached directly to the back side of the porous test well in order
to insure exact and known temperature profiles for the injected air. As
best as can be determined, this heating layer beceme separated from the
porous wall while the tunnel was being moved. The data obtained during
this period were not in complete agreement with the data obtained by
other investigators; however, these data were consistent, and since all
logical sources of error had been checked there was no reason to suspect
erroneocus test results. The trouble was finally located following unsuc-
cessful efforts to obtain proper mass balances in the main stream when
helium was injected through the porous wall. Careful checks of the flow
in the boundary lesyer then indicated that the flow velocity was not
approaching zero at the wall but rather at some point some 0.07 inch behind
the surface of the porous wall. Although the wall was only 0.04 inch
thick and the air space between the heater cloth and the wall was not
over 0.03 inch, it is apparent that there was sufficient longitudinel floWw
behind the porous wall to invalidate all test results obtalned between the
time the tunnel was moved and the time the gap was discovered. After this
trouble was discovered, the heater cloth wes removed and the air cavity
behind the porous wall was filled with very fine gless beads. This elimi-
naeted all trouble and the boundary layer behaved properly with no indica-
tion of flow within or vbehind the wall.

It appears that the local friction coefficients reported in TN 3208
were 15 to 30 percent higher than correct values and that, in general, the
experimental data presented in this report should not be used. There is
no reason, however, to doubt the validity of the theoretical analysis
included in this report.

The correct experimental data will be reported in a later paper.

RACA - Langley Fleld, Va.
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3208

HEAT, MASS, AND MOMENTUM TRANSFER FOR FLOW OVER
A FLAT PLATE WITH BLOWING OR SUCTION

By H. S. Mickley, R. C. Ross, A. L. Squyers,
and W. E. Stewart

SUMMARY

The effect on the boundary leyer of sucking or blowing air through
a porous flat plate into or out of a main alr stream flowing parallel
to the plate was studied theoretically and experimentally.

Leminar-boundary-layer theory was used to calculate velocity,
temperature, and concentretion profiles and friection, heat, and mass
transfer coefficlents as a function of the Prandtl or Schmidt modulus
and the masse transfer rate for the case of laminar, zero BEuler number
flow with a mass transfer rate varying as l//i, where =x 1is the axial
distance from the leading edge of the plate. TFor turbulent flow film
theory was expanded to provide & prediction of the effect of mass
transfer on the friction, heat, and mass transfer coefficients.

Experimental measurements of velocity and temperature profiles
and of friction and heat transfer coefficlents were carried out over
a range of flow conditions. Main-stream velocity was varied between
5 end 60 fps, a length Reynolds number range of 6,500 to 3,300,000 was
covered, and the mass transfer velocity ranged from -0.3 to 0.26 fps
and included constant axial mess transfer velocity and 1/VX and
l/xo'2 distributions. One test was mede with a positive Euler number;
all other results apply to zero Euler number flow.

INTRODUCTICN

The Massachusetts Institute of Technology has completed one phase
of a theoretical and experimental study of the effect of the bulk
exchange of material between a fluid stream and its boundaries on the
fluid boundary lsyer. This report covers the work carried out under
the sponsorship and with the financigl assistance of the Netional
Advisory Committee for Aeronautics and a coordinsted parallel program
supported by industriael fellowships.
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When mass crosses a boundary layer in a direction perpendicular to
the main motion of the fluid, the magnitude and direction of the mass
transfer affect the properties of the boundary layer. The boundsry-
layer thickness and stebllity and the velocity, tempersture, and con-
centration profiles are altered. At the same time, the heat, mass,
and momentum transfer coefflcients are chenged. In general, mass
transfer from the fluid to the wall ("suction") increases the magnitude
of the transfer coefficlents, while mass transfer from the wall to the
fluid ("blowing") decreeses the magnitude of the transfer coefficilents.
The exploitation of these effects has important applications to the
cooling of gas-turbine blades, the development of high-1ift airfoils,
the improvement of certain atomic-energy processes, and in the indus-
trially important techniques of drying, absorption, extraction, dis-
tillation, end adsorption.

The effects of mass transfer on the verious transfer coefficlents
have been predicted by many investigators. Stefan (ref. 1), Lewis and
Chang (ref. 2), Sherwood (ref. 3), Colburn and Drew (ref. hs, and others
have integrated the Stefan-Maxwell diffusion equatlions for varlous cases
of mass transfer through a one-dimensionsl f£ilm of fluld, obtaining .
results which indicate that the mass transfer coefficient as ordinarily
defined is a function of the rate of mass transfer. Ackermenn (ref. 5),
Colburn and Drew (ref. 4), and Friedmesn (ref. '6) have presented one-
dimensional trestments of heat transfer in the presence of mass trensfer
and predicted analogous relations for the heat transfer coefficient as
a function of the rate of mass transfer.

Various results of mass transfer have been investigated theoreti-
cally for the case of laminar flow over flat plates and airfoils, using
aerodynemic boundary-leyer theory. The effect of masss transfer on
fluid flow has been treated by Prandtl (ref. 7), Griffith and Meredith
(unpublished note; see ref. 8), Damkohler (ref. 9), Schlichting end
Bussmann gref. 103, Schlichting (refs. 11 and 12), Schuh (ref. 13),
Thwaites (ref. 1), Yuan (ref. 15), Eckert and Lieblein (ref. 16), B
Ulrich (fef. 17), Lew (ref. 18), Ringleb (ref. 19), Iglisch (ref. 20),
and Brown and Donoughe (ref. 215. The effect on heat transfer has been
studied by Yuen (ref. 15), lew (ref. 18), and Brown and Donoughe
(ref. 21)., The effect on diffusion has been studied by Eckert and
Iieblein (ref. 16) and Schuh (ref. 13).

Experimental meessurements of the effect of msss transfer on lamlner
flat-plate velocity profiles heve been reported by Libby, Kaufman, and
Harrington (ref. 22) and measurements of the cooling obtained by the
inJection of & fluild through the porous wall of & round tube and into
a hot gas stream have been made by Duwez and Wheeler (ref. 23).

The publications of Colburn and Drew (ref. 4), Blasius (ref. 24),
Pohlhausen (ref. 25), Schlichting and Bussmenn (ref. 10), Iglish
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(ref. 20), Brown and Donoughe (ref. 21), and Iibby, Keufmen, and
Harrington (ref. 22) are particularly pertinent to the present study.
The treatment of film theory given here is an extension of the develop-
ment of Colburn and Drew (ref. 4). The work of Blasius, Pohlhausen,
and Schlichting and Bussmann forms the basis for the boundary-layer
treatment presented in this report. Subsequent to the completion of
the theoretical calculstions reported here, Brown and Donoughe (ref. 21)
have published tebles giving the effect of a suction or blowing velocity
Bu-1
which va.ries as x 2 on the velocity and temperature profiles of the
laminar boundary lsyer. Their work Includes the effect of a pressure
gradient and variation in the fluid properties due to temperature
gradients when the fluld is air.

Iglisch (ref. 20) has calculated the leminar velocity profiles
eand friction factors which result from the application of a uniform
suction velocity normal to a flat plate. His results have been com-
pared with the experimentsl measurements of this investigation.

Libby, Keufman, and Herrington (ref. 22) have carried out an experi-
mental study of the isothermal laminsr velocity boundary layer on a
porous flat plate with uniform suction or blowing. They measured lami-
nar velocity profiles and determined the tramsition Reynolds numbers
for various rates of suction and blowing. They compared their measured
leminer velocity profiles with those predicted by Yuan (ref. 15) and
found good agreement. The Reynolds number at which transition to tur-
bulent flow began was found to be =& pronounced function of the injection
rate. At a blowing rate of vo/ul = 0.008, tramsition occurred at

Rx = 50,000. The transition Reynolds number gradually increased as the
blowing rate decreased, reaching a value of Ry =~ T0,000 at

vo/ul = 0.001, and then rose sharply, passing through Rx = 150,000 at
vo/ul = 0 and going to Ry =~ 300,000 &t very low suction rates. The

values of transition Reynolds numbers are the only measurements reported
by Libby, Keufman, and Harrington (ref. 22) in the turbulent region.

In this work two theoretical spproaches have been used. The first,
designated "£1lm theory, predicts transfer coefficlents under mass
transfer conditions from known (by experimental observation or theory)
coefficients in the absence of mass transfer. Thilis method 1s of general
application but rests on crude physical assumptions and is to be con~
sidered primarily as a qualitative guide in correlating data and in
treating cases not amensble to more exact enalysis. The second approach,
designated boundary—layer theory,' consists of exact numericsl sclution
of Prandtl's equations for the laminar boundary layer with uniform fluid
properties under certain restricted conditions of mass transfer, to
yield not only transfer coefficients but also velocity, temperature,
and concentration profiles in the boundary layer for a range of Prandtl
or Schmidt numbers.
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The experimental program was designed to test the theory and to
investigate cases where theoretical analysis i1s not possible. A wind
tunnel was constructed to similate the boundary conditions of the
theoretical analysis but with sufficient flexibilility to investigate a
range of conditions not considered in the theory.

The physical model used in both theory and experiment is a flat
plate immersed in an infinite fluid.

This work was a cooperative effort of the Department of Chemical
Engineering and the Gas Turbine ILeborstory at M.I.T. The counsel and
cooperation of the staff of both the Chemical Englneering Department
and the Gas Turbine Leboratory were most helpful. Approximately one-
half the funds expended were supplied by the Natlional Advisory Committee
for Aeronautics. The remainder of the finencial support was in the
form of greduaste fellowships glven to the Junlor authors and provided
by the William S. Knudsen Memorisl Fund, Standard 01l Co. of Indiana,
Proctor & Gamble Co., Humble 01l & Refining Co., E. I. Du Pont de
Nemours & Co., Inc., American Cyenamid Co., and Arthur D. Little, Inc.

The sssistance of Messrs. Jobn Feyk, Robert McMurtrie, John
Forgrieve, David Dudley, David Hacker, and Sven Hultin was most helpful.

SYMBOLS

The unites reported are those directly measured in the experimental
work and do not necessarily give consistent results if used directly in
the equations.

A area of a panel of test wall surface, sq £t
c dimensionless mass transfer parameter in leminar-boundary-
-2v. fuixp
layer theory, Y et
uq 9
21,
ce friction coefficient, —
Piu
cp . specific heat at constant pressure, Btu/(1b)(°F)

Dip diffusivity of species 1 through mixture, sq f£t/sec
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dimensionless stream function,

-

derivatives of £ with respect to 1q
locel acceleration due to gravity, £t/sec?

helght gbove a datum plane, ft

(a/8)o

local heat transfer coefficient, N
o~ 41

Btu/(hr)(sq £t)(°F)

mess transfer coefficient, moles/(hr)(sq £t)(unit mole
fraction change)

thermal conductivity, Btu/(hr)(ft)(°F)

dimensionless nunber

molecular weight

dimensionless y-coordinate defined by equations (17)

total mass transfer intensity, summed over all moleculsar
species, moles/(hr)(sq £t)

mass transfer intensity for species 1, from wall into
fluid, moles/(hr)(sq ft)

statlec pressure, in. Hg

Prandtl number

rate of heat flow, Btu/hr

resistance factor defined by equation (28) and figure 2
Reynolds mumber, u;xp/u for test surface

temperature, °r
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local velocity parsllel to plate, fps
main-gtream velocity parailel_to plate, fps
local velocity normal to plate, fps

alr flow rate through a test-wall panel, 1b/hr
mole fraction of specles i

distence downstream from leading edge of plate messured
pearallel to plate, in. .

normel distance from plate, 1in.

dimensionless physical property group; 1 for momentum
transfer, cpu/k for heat transfer, and u/eDipy

for mass transfer

coordinate normal to x- and y-coordinstes, in.

Tg - T
generalized profile factor; Bp = ufu;, By = —>——)
To - T1
40 -X
and Bp = 1o 1
X10 = %11

dimensionless meesure of mass transfer rate, defined by
equations (16); related to @ by equations (23b)

"£11m thickness” for a given trensfer process, in.

displacement thickness of boundary layer, in.

dimensionless coordinete in laminar-boundary-layer theory,
Ry

correction factor for transfer coefficients

momentum thickness of boundery layer, in.:

momentum thickness corrected for msss blown or sucked
through wall, in.

sbsolute viscosity, 1b/(sec)(ft)
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v kinemetic viscosity, u/p, sq ft/sec

E enthalpy thickness of boundary layer, in.

g' enthalpy thickness corrected for masss blown or sucked
through well, in.

p fluid density, 1b/cu £t

To shear stress at wall, poundals/sq ft

@ dimensionless mass tranfer rate, defined by equations (23b)
eand in figures 1 and 2

¥ stream function; & =u dy - v dx

Subscripts:

B conditions st a baffle behind test wall

D process of diffusion

B electrical

F friction or momentum transfer

B heat transfer

i specles 1 in a diffusing system

L leminar

m all gspecies excluding 1 1in a diffusing system

o} wall conditions

T turbulent

1 main-stream conditions

* conditions in gbsence of mass transfer

THEORETICAL STUDIES

This investligation has used two types of theoreticel anaelyses to
predict the effect of mass transfer on the propertles of the boundary
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layer: The generalized, spproximste method known as film theory and
the more exact procedures of laminar-boundary-lasyer theory. The basls
of the methods, the solutions obtalned, and the manner of combining and
editing results are discussed iIn the following sections.

The boundery-layer~-theory solutions apply to the case of laminaxr
flow over a plane surface; the film-theory solutions apply to a surface
of unspecified shape, except that the radil of curvature of the surface
must greatly exceed the film thickness. In both cases the following
equations for transfer coefficients are gpplicable at a point on the
boundary 1f ¥y 1is taken to be the perpendicular distance from the
boundary and X 1s measured in the downstream direction parallel to
the boundery. The fluid velocity components in the x- and y-directions
are u and v, respectively, the fluid tempersture is T, and the mole
fraction of chemical species 1 1s X4. The local frictlon coefficient,
including skin friection only, is

Q
cp = (1)
91u12
du
&)
e . /o (1a)
plu12

The local heat transfer coefficilent, includling only heat tramsferred to
the fluid st the well by conductlon, Is

_ (aq/an) (2)
T, -
or
h=- ;k(iy_)o_ (2a)
To = Tq

The mass transfer coefficlent for a glven chemical species is defined
in terms of the rate of diffusion of that specles at the wall:

Ny - XioZ_Nj
K; = J (3)
Xio = X411
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9
)
“ Xio = X431 (32)

where the subscripts o and 1 refer to wall conditions and main-
stream conditions, respectively. It will be noted that ths values gf.
the driving forces Uy, To - T1, and Xjo - X317 are the maximum,

or over-all, driving forces for the single~fluid phase under considera-
tion, not the "bulk" driving forces commonly used for flow in closed
channels; allowance for this difference is necessary when spplying mass
transfer corrections to coefficients based on bulk driving forces.

The diffusivity Dyp for component i in a multicomponent mixture
is defined for diffusion in the y-direction by the equation

Equetions for caleulating Dyy for gas mixtures are given by Wilke
(ref. 26) and by one of the present authors; the equations

Dim = Dip (exact for binary mixtures) (ka)
l- X3
Dip = ———— (exact when all components  (4b)
Z X3 except 1 move in unison)
A D1 :

ax &
D13P1a(t - X1) = X1P1aDp5 72 - X1Di5Dps =

dxy
D4y =
XlD23 + X2Dl§ + X3D12

(be)

which is exact for ternary mixturesl are recommended. Equations for
Doy, and D3m follow from equation (4e) by rotation of subscripts.
These equations give the value of D:Lm at a point; satisfactory mean
values for one-dimensional diffusion are obtained by using average

lUnpu'bIL‘Lshed enalysis by W. E. Stewart.



10 NACA TN 3208

mole fractions, and using the ratios of mole~fraction driving forces
Xo = X1 ,/in place of the ratios of the corresponding mole-fraction

gradienté. The term "exact” here refers to results obtained directly
from the Stefan-Mexwell diffusion equations, which are very nearly
exact for ideal geses, as shown by the recent work of Curtiss and
Hirschfelder (ref. 27). The Stefan-Maxwell treatment essumes a pre-
ponderance of bimolecular collisions; in dense gases and liquids colli-
slons of more than two molecules become important and the validity of
equations (4b)} and (4e) is in doubt.

Pending further investigation, it will be assumed that the effect
of diffusion on the viscosity p eand thermal conductivity k is
negligible. Momentum and energy transport are indeed affected by dif-
fusion, but it is belleved that this effect is adequabtely treated by
adding the convective transport rates based on the mean velocity of
each species present, as 1s done spproximately in the present treatment.
Equatlions for estimation of mixture viscosities in the absence of 4dif-
fusion are given by Bromley and Wilke (ref. 28); equations for mixture
thermal conductivities are given by Lindsay and Bromley (ref. 29).

For brevity, 1t is useful to represent the profiles of velocity,
temperature, and mole fraction in dimensionless form. The dimensionless
quantities

Br = w/uy
B TO—T
H:_———
To-TL o (5)
X - X
Bp = io 1
X0 = %41
reduce equations (la), (2a), and (3a) to the snalogous forms
ﬁ
wPicE _ <63F>
2 ¥ /4
83) >
h T
h - (ZXE 6
: - (32, (©)
DimP ¥ /o

-
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The purpose of the following theoretical developments 1s to evaluate
the derivatives sppearing in equations (6) and, hence, to determine the
transfer coefficlents.

Film Theory

Film theory greatly simplifies the amnalytical treatment of a flow
transport problem by means of an ldealizatlon which states that the
transition between main-stresm and wall conditions occurs entirely within
a thin laminar film of thickness A lying immediately adjacent to the
well. The "effective film thickness” A is not predicted by the theory;
rather, it 1s defined as the thickness of a laminar film of fluid which
would offer the experimentally observed resistance to the transfer pro-
cess. The film does not correspond to the boundary-layer concept of
Prandtl; it 1s a much less reeslistic idealizstion.

The results of film theory, based on a crude physical picture, can
be accepted only qualitatively. However, certaln useful parameters have
been suggested by the theory, and the analysis can be gpplied to cases
too complex for a more refined treatment.

Consider a fluid in steady laminar motion, or statlstieslly steady
turbulent motion over a surface of moderate curvaeture slong which the
fluid does not s8lip and the temperature and fluid composlition are
reasonsbly constant. In conformity with the convention previously given,
take the y-axis perpendicular to the wall at the glven point and the
x-axis parallel to the surface and polnting downstream. AL a differ-
ential distance from the boundery, the state of the stegnent fluid film
is governed by the following equations:

%(vipi) =0 (7)

3y .. P H _ 9 Su
3293v3+8x+pgax ay<ay (8)

x ZPJVJGPJ - a_ay'(k ) ”E@f ' (%)2 @)
3

aXi _l_l DDim aXi
- Z S\ S (10)
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Equation (7) is a material balence for any species in the fluid, assuming
steady state and no chemical reaction and noting that the tangential
veloelty of the fluid is negligible near the wall; the same assumptions
are also involved in the other three equations. Equation (8) is a bal-
ance of forces acting on the fluild in the x~direction end includes iner-
tial force, pressure gradient, gravitationsl force, and viscous forces,
respectively. The force balances for the y- and z-directions indicate
only thet hydrostatic equilibrium is clesely approasched in those direc-
tions. Equation (9) is an energy balence, including energy transport
by the average motion of each molecular species and by molecular motion,
and the heating of the fluld by Internal dissipation, but neglecting
thermal diffusion effects and sbsorption or emission of radisnt energy
by the fluld. Equation (10) is a material balance combined with Fick's
law as stated in equation (4).

Assuming the density p independent of x, neglecting internel
friction, assuming p, k, eand pDip/M independent of y, and noting
that the molal mass transfer rates are given by

w = (0L 11
1 ( Mi )O (11)
the above equations become
Zyﬂ =0 (12)
du d _ %
g jZNjMJ + &(P + pgH) = p 5}:2' (1‘3)
o _ ., o°r
g 2 NJMJCPJ =k gé (lll-)
3Ky Z oDy X1
——— N B e ————— 1
> j 3 M ay2 (15)

These are the basic differential equations of film theory, as used in
the present work, ’
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Applying equetion (12) from y =0 to y =A for each transfer
process and for every species, the sums in equations (13), (14), and
(15) are found to be independent of y along & given perpendicular to
the wall. Also, P + pgH is essentially constant (hydrostatic equi-
1ibrium prevails) in a plane of constent x. Equations (13), (14), and
(15) therefore contain only u, T, Xi, X, end ¥y as variasbles in a
given physical situation and are readily integrated when x is held
constant.

The solution to the system of equations (12) to (15) has been
obtained for two cases: Flow wlthout a pressure gradient and flow with
a pressure gradient. Only the analysis for the zero-pressure-gradient
case will be presented here. The finite-pressure-gradient case willl be
reported when experimental work involving finite Buler numbers is com-
.pleted and availagble for comparison with theory.

If the varistion of P + pgH with the distance x downsiream
along the wall is neglected end if x and 2z are held constant, the
substitutions

op > WMy |
R

( (16)

my = y/Ag r (17)




ik ' NACA TN 3208

reduce equations (13}, (14), and (15) to the single dimensionless equation

with boundary conditions

(19)

n
(@]

O when m

w
i

1 vhen m=1 (20)

B

Equation (20) is obtained from the asgumption, already implied, that
mein-stream conditions prevall at the cuter boundary of the f£ilm.

The I' quantities are dimensionless meassures of mass transfer
rete; the m quantities are dimensionless y-coordinates.

Integrating equation (18) with the boundary conditions Just given,
the dimensionless velocity, temperature, and mole-fraction profiles are
obtained in the form

p=8_-1 (21)

and the dimensionless gradients of these profiles at the boundary:

) (22

These expressions reduce, in the limiting case of no mass transfer, to

im B=m (21e)

ds) _ (ds) _
1im (- =Ag(==] =1 (22a)
r—>0 ‘\dm/q dy /%,
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Equation (22&) provides a means for determining film thickress
from transfer coeffléients at zero mass tramsfer rate. Substituting
- this result in equations (6), there result
a—
A*F=u_2&_
1P1Cf,
= Kk
AL = X
*E By > (232)
PDim
Popy = KM
1
J
and, correspondingly, equations (16) become
"\
- 2 NJMJ
o),
- A /F wWPite,
o TR b
o% ) = = 23b)
A /g hy Pa (
Dy JZ ™
(_E ) T ke = ot
Di 1 b

Wwhere the asterisks

¥ 1indicate that these quantities are the limiting

values for zero weighted mean mass transfer rate (r = 0) for the given

transfer process.

convenient to use in actual calculations and is
replace T,

The trensfer coefficients for finite mass t

The quentity @, defined by equations (23b), is more

introduced here to

ransfer rates are con-

veniently expressed in terms of correction factors € by which the
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coefficients CP,s hy, and K*i mist be multiplied to obtain the true

coefficients:
8F = cg/ce,
og = h/bx b (24)
8p1 = K;L/K-x-iJ

Combining these definitions with equations (6), (22), and (22a),

o = (38/3%)o (25)
(@B/a)x
Ay .
J ¢Z (26)
e -1
(= %)->

Film theory provides no informstion concerning the ratioc of the
effective film thicknesses, A/Ax. Presumsbly, A/A; 1s a function
of the mass transfer rate ard distribution. Simple film theory is
forced to ignore this possibility, however, end assumes that the ratio
is unity. With this simplification, equation (26) becomes

¢ o

) e¢ -1

N (27)

for

AAx =1 )

The varlation of the transfer coefficients with the rate of mass
transfer as predicted by simple film theory is given by equations (27)

-
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and shown in figure 1. The predicted transfer coefficients show a wide
variation with @, increasing as @ becomes negetive (l.e., when mass
transfer occurs effectively toward the wall) and decreasing as @$ becomes
positive (i.e., when mass transfer occurs effectively awsy from the wall).
The curve has no finite asymptotes ,2 and corrections of any magnitude may
be encountered; in practice, these predicted corrections usually range
from 0.5 to 2.0. Equations closely resenmbling equations (27) were glven
by Ackermsnn (ref. 5), Colburn snd Drew (ref. 4), and Friedmen (ref. 6).

If the rate of mass transfer is specified, the corrected rate coef-
ficient msy be obtained directly from figure 1. In other cases, however,
the calculation of pertinent stream or boundary properties involves trisl
and error if only figure 1 is availsble. A typlcal trial-and-error situa-
tion 1s found in "tra.nspiration cooling" where it is desired to maintain
a specified wall tempersture through the use of a coolant gas blown
through the porous confining wall and into the main stream. Ordinarily,
the main-stream conditions, the available coolent gas temperature, and
the desired well tempersture are specified. The required flow of coolant
through the wall is to be determined. The problem mey be solved by the
combination of appropriate energy balances and the relation supplied by
figure 1 but involves iteration. In such circumstances, trial and error
is eliminated if a new parameter, the dimensionless resistance factor R,

R = g/6 (28)

is used. If equation (28) is combined with equetions (2%b), (24), and
(27), there result

2 > _ N3Mj T
uiPict

> NJMJCPJ
R = J = TO - Tl > ( )3
H T Tg - Tg 29

N
. _JZ I X - Xg1
S
T J

ZHowever, as @$-—>®, 6—>0; as $—>-=, 08— -@. Any theory should
satisfy these criteria and the film theory satlsfactorily approaches the
correct limiting conditions.

is serves to define Tg. For injection cooling, Tg 1is the cool-
ant temperature. The two expressions for Rg and Rp; are identities.
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and
@ = loge(R + 1) (30)

Equation (30) is plotted in figure 2. The variation of © with R 1is
qualitatively similar to its varlation with ¢, since ¢ and R are
of like sign and differ only by the factor 6. Equation (30) and fig-
ure 2 show that ¢ anmd R become equal in the limit as eilther of these
quantit{es approaches zero.

Boundary-Layer Theory

When laminar flow ocecurs 1ln systems of relatively simple geometry,
boundary-layer theory may be used to calculate the velocity, temperature,
and concentration profiles and the corresponding transfer coefficlents.
Although the concepts of boundary-layer theory invoke certain idealiza-
tions of the flow process, the theory represents & very close approxime-
tion to the actual physical situation. Consequently, theory and experi-
ment msy be expected to show excellent agreement when compeareble
situations exist.

In the application of boundary-leyer theory presented here, the
physlcal model used was the flow of a fluid over a flat plate. The
calculations were further restricted to the case of uniform fluid prop-—
erties, uniform velocity profile in the stream approaching the plate,
zero axial pressure gradient, uniform wall temperature, and a blowing
or suction velocity which varies as l/V— The effects due to changes
in the value of the main-stream Reynolds number, the blowing or suction
velocity, and the Prandtl or Schmidt number of the fluld were investigeted.

Although the analytlcal calculations could be extended to cover
caeses of nonuniform fluid properties, flnite exlal pressure gradient,
nonuniform wall temperature, alternate mass transfer distributions, and
alternate flow geometries, this was not attempted in thls work. The
experimental equipment could be run under conditions which simulated
closely the case studied analytically, and it was declded to determine
the agreement between experiment and the theoretical results presented
here end gvaileble in the literature before carrying out additional
theoretical calculations.

The equations of Prandtl for the laminzr boundery leyer on a flat
plate without pressure gradient or variation in fluid properties take
the forms:

hThe constant-property, constant Euler number calculatlons of Brown
and Donoughe (ref. 21) can be expanded readily to include a range of
Prandtl or Schmidt numbers if the querntity Z i1n the analytical solution
used here is replaced by Z(Eu + l%.
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Total mass balance:

Su =
™ + 0 (31)

Momentum balance in x-direction:
(32)

Energy balance: >

uE 2=k 2 | (33)

X 3%
u ﬁ + v __i = Dm _i. (3}.].)
ox oy ay2
with the boundary conditions:
-—
y—0: u—»0, v-—avy(x), T—>T,, Xi1—>Xio (wall conditions)
du oT
y—>w: u—uy, =£-0, T->T;, —=-0 (35)
2 ay_ 2 b4 ay 2 r
Xij—>X471, S;ZL——)O (streem conditionsy

Using the boundary-leyer substitutions of Blasius,

STnternal dissipation of-energy is neglected.
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y u1xp
Ul
S (36)
£ = 2(n) = —
/ulxu
e

(%here Vv 1is the stream functlon, defined by gg = u, gﬁ = -{) the

momentum balance equation becomes:
£t ' =0 (37)

with the boundary conditions

7—0: £'(0)—>0; £(0)—> — ‘_"/—155
Uy H
} (38)
=0 f£'(e)—>2; £''(0)—>0

The above approach yields valid solutions only for f£(0) = Constant = C.
Consequently, all resulis obtained by this method apply only to the case
where the mass transfer distribution is of the form

—Cul_
U1 X

2 ‘/_Ji
M

In sddition, the results obtained here are limited to zero pressure
gradient and hence constant uj.

(39)

Vo <=

In spite of the severe limitation imposed on the permissible mass
transfer distributions by the Blasius substitutions, the solutions are
of considerable interest since this mass transfer distribution corre-
sponds to that produced in the practical case of diffusion under = con-
stant driving force (uniform well and stresm concentration of diffusing
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. component). Furthermore, this distribution leads to a uniform wall
temperature in the case of injection cooling with uniform coolent and
main-stream temperatures.

Blasius (ref. 24) solved equations (37} and (38) for the case
£(0) = 0 (no mass transfer) and Schlichting and Bussmenn (ref. 10) have
extended the calculations and published tables of £, f£', f£'', and £'''
as a function of 1n for values of C =35, 3, 1.5, 1.0, 0.5, 0, -0.5,
-0.75, and -1.0 (five values of suction and three of blowing). These
quantities determine the velocity distribution in the boundary layer and
the wall friction coefficient cp since

ull =2 £'(n) (40)
() (k1)
Vo f(o) 2% B /£(0) '

: IRY Rt

B

The tempersture and concentrstion profiles and the corresponding
transfer coefficlents are determined by generalizing equations (32),
(33), end (34) and solving the resulting equation. The generslization
is accomplished by the introduction of the dimensionless profile

moduli (egs. (5))

BF = — %f'(n)

uj

TO-T
Pr To = Tl

Xio0 - ¥4
Bp =
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end the dimensionless fluid physical property groups

: Zp = 1 ™
_ B
7y = - S (13)
= .
Zp —

into equations (32), (33), and (34). The result is the genersl equation

2
B,,B_ LB
"%y e (k)

This equatlion 1s solveble by the methods used to resolve equation (32)
provided the boundary conditlons are identical. This is accomplished
if the well temperature T, and composition Xj, and the main-stream

temperature T; and composition Xj; are independent of x. Then
equation (44) becomes

't +zeg' =0 (45)°
with the boundery conditions for B of
1—0, B—0
(46)

n—>x, B->1; B'=>0

As before, f denotes the solution to equations (37) and (38).

If velues of f£(n) are availsble, B(7n) may be found by direct

integration:
B'(n) =g'(0) exp<—z /: £ dn)] (¥7)

6primes denote differentiation with respect to 1.
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: o
B(n) = '(0) /:l E@(—Zfo £ dnjldn (48)

In view of the boundary condition B(=)—>1.

n [xp (L )]

The #£(n) values reported by Schlichtling were used to solve equa~-
tions (47), (48), and (49) numerically, giving temperature and concentra-
tion profiles snd gradients at the wall for a number of values of %
(Prandtl or Schmidt nu.mbe;'). These wall gradients, proportionsl to the
transfer coefficients, are presented in teble I and were used in calcu-
lating the theoretical results plotted in figures 1 and 2. Representa-
tive B profiles are shown in figure 3, and values of B .as a function
of C, Z, and 1 are tebulated in table IT.

(49)

g'(0) =

Asymptotic analytical solutions of some interest have been obtained
from equations (48) and (49) by expending f in a Taylor's series
from 1 =0, f£(n) =#£(0) + n£'(0) + n2¢"'(0)/2 + . . ., and observing
that, in the limit, certain terms become dominent. For large values of
Z, the thermal or diffusion boundary layer will become thin compared with
the flow boundary layer end only the first few terms of f need be
considered.

For the impenetreble plate £(0) = 0 = £'(0) and £''(0) = 1.328.
Neglecting all other terms, equation (11-9) gives

8'(0) ~ 0.6772/3 (50)

remarksbly similar to Pohlhsusen's (ref. 25) empirical relationship:

8'(0) = 0.66uz1/3

and more nearly exact for Z > 2. The curves for Z—>w ghown in fig-
ures 1 and 2 were calculated by extending this method to the case of maes
transfer. In a similar masnner, for small values of Z, the thermsl
boundary lsyer becomes large and the smell region of velocity variation
near the wall can be neglected, giving

8'(0) = 1.12921/2
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However, this equation approaches the exact solution only at very small
. values of Z and becomes more accurste than equation (50) only at

Z < 0.047

The velues of the transfer coefficients defined by equations (l),
(2), and (3) may be calculated by means of the relations

g - 80 (52)
2 5 ujpx -.

I3

L. P (53)
PP (u—lTpx
KM _ (o) (1)
U1l o, [21PX
n

' ~2vgo fU1PX
The Schlichting parameter C = - _!J— is related to the mass
. 1
transfer parameter ¢, used in figures 1 and 2 and defined by equa-
tions (23b), by the equation

g = —:'ZC—- (55)
[pr0)]
*
The notation [B'(0)]y implies that this quantity should be evaluated
at zero mass transfer (C =@ = 0). In addition, [p'(0J]y must be
evaluated at the proper value of Z. For f@p use Z = 1; for @g use

Crlt
P = _M
2 == = .
3 for @p; use 2
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Discussion of Theories

The effects of mass transfer on the transfer coefficlents predicted
by film and leminar-boundary-lsyer theory are compared in figure 1. Here,
the correction factor 6 1s plotted as a function of the rate factor @.
It will be noted that boundery-layer theory always predicts a greater -
effect than does film theory. This partly results from the fact that
boundary-layer theory takes into account the changes in the boundary-
layer thickness due to the flow normal to the wall, whereass simple film
theory ignores such changes. .

The effect of Z (Prandtl or Schmidt number) predicted by boundary-
leyer theory is due to a similar clrcumstance. A large value of 2Z
implies a thin boundary lsyer whose thlckness 1s not affected by mess
transfer to so great an extent as the boundery layer aessociated with
small Z values. Again, qualitatively, the analogy between f£ilm end
boundary-leyer theory may be developed in more detall. Film theory
gppears to represent a case where the film thickness is less than that
for leminar flow with Z->«, This 1s the situation in turbulent flow
where the eddy diffusivity largely controls the exchange processes.
Consequently, it is probable that film theory will correspond more
closely to experiment in the case of turbulent flow than does laminar-
boundary-layer theory. On the other hand, the film thickness can be
expected to show some dependence on mass transfer rate and distribution
even in turbulent flow, and film theory fails to predict this effect.

EQUIPMENT USED IN EXPERTMENTAL STUDIES

The experimental spparatus used In this lnvestigation was desligned
end constructed to permit a close approach to the boundery conditions
used in the theoretical analysis of the boundary layer but was made
sufficiently flexible to allow the experimental study of situations not
amensble. to theoretical calculation. Briefly, the equipment simulates
the flow over a porous flat plate and provides for acceleration or
deceleration of the main flow and for sucking or blowing of = gas
through the flat plate out of or into the maln stresm. Figure 4 is a
sketch of the melin experimental setup. The details of the equipment
are as follows; the para.graph numbers refer to the index numbers used
in figure k.

(1) Alr for the masin stream was provided by a Buffalo Limit~-Ioad
Conoidsal Fan, rated at spproximetely 6— horsepower at 1,900 rpm, belt-
driven by a 7§-horsepower direct-current motor. The motor was energized
from a motor generstor whuse output voltage is wvariasble from approximately
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12 to 260 volts, direct current, glving a wind-velocity range of sbout
4 fps to LO fps, which could be extended to 100 fps by removal of a
gless-cloth screen at the entrance to the calming chamber.

(2) The calming chamber, 72 inches long by 442 inches high end
n
22% inches wide, was fltted with a honeyconmb of 1- by 10-inch paper

tubes and seven 1k~ by 18-mesh screens, to reduce vortex motion and
turbulence.

(5) The calming chamber discharged into a 40-inch nozzle converging

from lm% by 22% inches to 9 by 13.5 inches.

(4) Inmedistely upstream of the test section the tunnel converged
uniformly 1 inch 1in height in s length of 12 inches. Suction panels
covered the full width of the top and bottom walls to remove, insofar
as possible, the initial boundary lgyer and to simulate the effect of
a sherp leading edge. To eliminate corner effects from bulld-up of
boundary layer on the side wealls, these walls were formed of suction
screens converging uniformly so that the width of the test section
decreased from 135.5 to 12 inches in its 12-foot length. Small suction
panels in the bottom wall glso served to prevent bulld-up of undesirseble
boundary leyers.

(5) The test wall was made the top wall of the tunnel to eliminate
the effect of natural convection in heat-trensfer studies. Thils wall and
the leading-edge suction panels were formed of 80-mesh Jelliff ILektromesh
screen 0.004 inch thick.

(6) and (7) The bottom wall of the test section was flexible and
was mounted on a ladderlike support menipulated by four screw Jacks.
Although this arrangement was designed for achieving uniform wveloelty
along the length of the tunnel, the tunnel height, 8 inches at the
leading edge, could be varied between spproximately 5 and 13 inches at
Ehe doﬂnstream edge, providing a range of Euler numbers for study of

wedge flow.

(8) Two window frames, designed to hold 6-inch-squere optical flats,
105 inches from the leeding edge of the tunnel, made poseible the direct
observation of boundsry-layer density profiles by means of a Mach-Zehnder
interferometer availsble in the laborstory.

(9) For control of mass transfer distribution and energy input, the
space behind the test wall was divided into 15 compartments. The number
of compartments was sufficiently large to provide flexibility in mass
and heat transfer dilstribution. a
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(10) Mass transfer through each compartment was indicated by cali-
brated orifices.

(11) A separately controlled woven Nichrome heating element was
mounted lmmediately behind the tést wall in each compartment, insulated
from the wall by a Fiberglas sheet to which it was sewn. A second
heating element was mounted about 2 inches behind the test wall as a
guard hester.

(12) A number of baffles were mounted in each compartment to dis-
tribute the flow uniformly over the heaters end through the wall. A
set of thermocouples was mounted on one of these baffles approximately
opposite the thermocouples on the test wall to indicate the proper
adjustment of the guerd hesaters.

(13) Bolts were provided to adjust tension in the test-wall screen,
minimizing irregularities in its surface.

(1) The temperature of the test wall was indicated by from three
to seven thermocouples soldered to the back of the screen in each
compartment. )

(15) To minimize radiation, all interior surfaces of the tunnel
were gold-plated, and gold-plated reflector plates were mounted behind
the side suction screens.

- (16) Suction through leading-edge screens, side-wall screens, and
bottom-wall séreens was provided by a steam ejector, and flow was indi-
cated by A.S.M.E. standard orifices.

(17) Proper adjustment of the bottom wall was indicated by velocity
traverses made wlth a hot-wilre anemometer or a pitot-static tube mounted
on a sled which could be moved axially along the center line of the
tunnel.

Openings were provided in the bottom walll at intervals for inser-
tion of the traversing gear used to obtaln boundary-leyer velocity and
temperature profiles. The details of the traversing measurement tech-
niques employed in this work are described in the sections discussing
the experimental measurements.

Two pressure taps were located in each top-wall compartment. One
tap measured the statlic pressure at the top wall of the tunnel; the
second tap measured the static pressure of the compartment 1ltself. These
taps provided an additlonal measurement of the axiel pressure gradient
during tunnel operation when the traversing sled was removed, and they

7ﬁhen not in use, the openings were closed with removeble covers.
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served as a check on the statlc-pressure probe used as part of the
boundary-layer velocity measuring gear.

An electric hegter was insta.lled. in the manifold supplying gas to
the top-wall compartments. During constant gas temperature runs,
thls hester was used to preheat the gas admitted to the compartments
snd subsequently blown through the porous tunnel wall and into the mein
strean.

EXPERIMENTATL, PROCEIURE

The basic experimental procedure employed was ag follows:

(1) Adjust the tunnel velocity, boundery-layer control suction,
bottom-wall contour, and suction or blowing rate and distribution to
correspond to the desired flow boundary conditions.

(2) Adjust the heaters (if used) so that the desired thermal
boundary conditions are obtalned.

(3) Allow the system to stabilize, readjusting the flow and thermsl
conditions if necessary. In some cases, severdl hours are required to
obtain steady-state operation.

(4) Begin measurements.
RANGE OF MEASUREMENTS

Experimental measurements of velocity and temperature profiles end
of friction and heat transfer coefficlents were carried out over a range
of flow .conditions. Main-stresm velocity was varied between 5 and 60 fps,
a length Reynolds number range of 6,500 to 3,300,000 was covered, and
the mass tramsfer velocity ranged from -0.3 to 0.26 fps and included
constant exial mass transfer velocity and 1/¢yxX and 1/x0.2 distribu-
tions. One test was made with a positive Euler number; all other results
gpply to zero Euler number flow.

MOMENTUM TRANSFER MEASUREMENT AND CALCULATING TECHNIQUES

The effect of mass tramnsfer through the porous well on boundery-
layer momentum trensfer was studied by measurement of boundary-leyer
veloclty profiles. These profiles were integ&:ated to give the boundary-
layer parsmeters of displacement thickness & and momentum thickness .
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The momentum thickness, when corrected for the effect of mass transfer,
is a measure of the mean friction coefficient between the leading edge
of the test section and the point of the traverse. The relationship
between the corrected momentum thickness and distance from the leading
edge was differentiated to yield local friction coefficients. This is
a more reproducible method than differentietion of the velocity profile
itself, but, as discussed later, it 1s also subject to precision
limitations.

Velocity Profiles

The velocity profile data were taken by means of piltot tubes. Two
tubes were employed. TFor use with reletively thick boundary layers,
the probe was made from 0.035-inch-outside~diameter hypodermic tubing
with the tip drewn and honed to 0.019-1nch outside diemeter. For use
in high-velocity runs with thin boundary layers, the probe was made by
soldering a 0.010-inch-outside-diameter tube to a larger diemeter sup-
port. A photogreph of the pitot tubes and the hot-wire probe is shown
as figure 5. Pressure differentials were read to the nearest 0.0005-inch
of heptane (specific gravity, 0.724). Impact-tube pressures were
balanced ageinst the pressures measured by the static-pressure taps
located slong the porous wall, These statlc-pressure taps were checked
by comparison with measurements mede by traversing s static tube along
the center line of the tunnel.

Velocity traverses normal to the test wall were made at selected
stations varying from 3.6 to 96.4 inches from the leading edge of the
plate.

Momentum Integrals

For each velocity profile, the momentum integral (or momentum

thickness)
- j: A B (56)

and the displacement thickness

8* = fm (:L - uil)dy (57)
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were computed by numerical Integration. In meking these calculations,
the veloclty data were not corrected for the effect of turbulence on the
menometer indication.

Frictlion Factors

The Von Kédrmén momentum theorem for laminar boundary leyers with
megss transfer is

T

o ds , Vg (6* )-«Sdu_
- = 4 -(Z=+2)2 2 =0 (58)
plu12 dx u] 3 u dx

For turbulent boundery layers edditional terms involving products of the
fluctueting veloclity components should be included. These terms are
believed to be negligible except in the vicinlty of the separation point
(or for very high blowing rates) and have not been taken into account.
For the truly flat plate the last term of equation (58) vanishes. In
the present case, because of irregularitles of the adjustable bottom
wall of the test chamnel, the main-stream velocity fluctuated sbout

%1 percent from 1ts mean value, and in some instences this acceleration
term was significant.

T
Defining °f - .8 , equation (58) can be rewritten
z 2
Pruy
c X * U - u
-t =4 9 - JF Yo ax + (§_ + 2) 3 _3;___219 =& 3! (59)

Formula (59) was used to evaluate local coefficilents from the velocilty
traverses. The integrated form of equation (59) was used to calculate
length mean friction coefficlents.

Heat Trensfer Measurement snd Calculating Techniques

The effect of mass transfer through the porous well on the rate at
which heat is exchanged between the wall and the main stream was studied
by direct measurement of the heat transfer rate and by measurement of
boundary-layer temperature profiles. These data were used to compute
heat transfer coefficients.
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Direct Heat Transfer Measurements

The tunnel was constructed to permit the direct measurement of the
rate at which heat 18 exchanged between the porous test wall and the
main stream. Each of the 15 independent compartments forming the porous
test wall contained an electric heater placed immedisbtely behind the
porous wall. Several baffle plates were located in the compartments to
distribute air flow evenly over the whole area, and sbove these baffles
was a guard heating element. This heater served to minimize temperature
gradients within the compartment and also supplled heat to the air flowing
Into the compartment in blowing runs. An external hester in the main
alr supply could also be used to heat incoming air in blowing runs.
Thermocouples were fastened to the porous wall end to the baffle plate
located Jjust sbove the porous wall. The baffle plate was covered with
aluminum foll to minimize heat transfer within the compertment by
redistion.

During a run, the temperatures of the wall and baffle were measured,
end the electrical emergy input of the heaters was measured. A "heat
balance wae written on the space from the wall to the first baffle as
follows (see fig. 6):

ag + WepTg = hA(To - T1) + WepT, + Losses (60)
where
% electrical energy into wall heater
W alr flow rate through compartments; W has a positive sign
for blowing runs
Tg baffle temperature
To wall temperature
Ty main-stream temperature
h heat transfer coefficient between wall and stream

The loss term lncludes all other methods of heat flow and was
ordinarily a small correction. In making the heat balances, estimates
were made of radiant heat trensfer from the test wall to other walls of
the tunnel, heat loss from the sides of the compartments, heat flow from
one compartment to the next, and radisnt and convective heat transfer
between the wall snd baffle. These corrections were included in the
loss term. The heat-balance equetion was used to find both the hesat
directly transferred between the wall and the main stream hA(To - T1)
and the heat transfer coefficlent between the wall and main air stream.
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Tempereature Profiles

Boundary-lsyer tempersture profiles were measured by mesns of
thermocouples mounted in a traversing device that could be positioned
to 0.00L inch. Two different thermocouple systems were employed, one
for low-velocity runs and the other for high-velocity measurements. A
photograph of the probes appears as figure 7.

The low-velocity thermocouple consisted of a silver-soldered junc-
tion of a 36-gage Chromel wire 0.005 inch in diameter and a L4O-gage
Alumel wire 0.003 inch in diemeter. The Junction 1ltself was 0.005 inch
acrosg in the direction normal to the wall and was located at the center
of 1 inch of wire, supported parsllel to the wall and perpendicular to
the direction of flow. The thermocouple was moved toward the wall until
electrical contact was made and then backed off from the wall, the
temperature being reed at selected intervals. Because of some sag in
the wire and tilt. of the thermocouple support, the closest readings to
the wall were at a distance of about 0.013 inch. At high velocities,
the system used to support this thermocouple disturbed the flow pattern
sufficiently to make the temperature proflle measurements unreligble.
When placed near the wall, the support deflected the main sir stream
upward through the porous wall shead of the support and downward through
the wall behind the support. This was borne out by gbnormally low
readings of the wall thermocouple at the traversing thermocouple posi-
tion and sbnormally high readings of the wall thermocouple at the next
rosition downstream. The flow disturbance was most pronounced during
runs made without maess transfer. As would be expected, forced blowing
or suction through the porous wall minimized the disturbance caused by
the support. .

In order to obtain relisble tempersture profiles at high tunnel
velocities, a small thermocouple support was constructed. The support
consisted of a piece of hypodermic tubing bent at a right angle so as
to point upstream. The thermocouple, conslsting of 0.010-inch-diameter
copper and constantan wire, projected sbout l/h Inch beyond the end of
the hypodermic tublng. The two wires were soldered at the tip and the
Junction was filed so that with the thermocouple in contact with the
well the temperature reading would correspond to a distance of ghout
0.005 inch from the wall. At low tunnel velocltles, conduction errors,
cauged by the short length and high thermal conductivity of the exposed
lengths of wire, became important. Consequently, this probe was not
used during low-velocity runs. At intermediate velocities, thils probe
and the low-velocity system were 1n good agreement. No significent flow
disturbance was noted when the high-velocity thermocouple was used.

As & rough check on the heat transfer coefficients obtained by heat
balances on the compartments, values of the heat transfer coefficilent
were computed from the slopes of the measured temperature profile. The
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rete of heat transfer from the wall msy be expressed as

(a/A)g = B(Ty - T1) = ’k(%) | (61)
(o]

If the temperature gradient at the wall QE) can be evaluated from the

temperature profile, the heat transfer coeffigient can be calculated by
the above relation. In general, the wall temperature gradient could not
be measured with preclision, and the heat transfer coefficients calculated
in this way were not considered reliable.

Enthalpy Thickness

The enthalpy thickness ¢ is related to the heat transfer coeffi-
clent in the same mammer as the relation between the momentum thickness
and the friction factor. The enthalpy thickness 1s defined as

: —f ul[’ To = T]_:] f _(l - PE)W 62)

An energy balance applied to the boundary layer ylelds

dg _ h Vv,
== e ﬁ (63)

The enthelpy thickness Et can be calculated from measured veloclty
and temperature profileg and plotted as a function of x, the distance
from the leading edge of the plate. The values of dg/dx obtained from
such a plot may be used in equation (63) to calculate the local heat
trensfer coefficient. The integrated form of equation (63) may be used
to evaluate length mean heat transfer coefficients. This method is more
relisble than calculations based upon the slopes of the temperature
profiles but requires measurements of both the veloclty and tempersature
profiles. Where such data were measured, the heat transfer coefficients
were calculated from the enthalpy thickness and the resulting values
compared with the values obtalned by alternmate techniques.

In some runs only temperature profiles were measured. However, if
the boundary layer were laminar and the well velocity proportionsl to
l//i} the veloclty profile could be estimsted if it was assumed that the
velocity and tempersture profiles differed only as a result of the
Prandtl number. Thus, according to laminsr-boundary-layer theory,
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1
f(n)d{l dn
(64}

m n
f {axpE f(n)dﬂ} dn
u .20 0 - . (65)

Numerical integration of the (1/Pr) power of the slope of the measured
temperature profile was used to estimste the veloeity profile. In the
laminar-boundary-layer regime, this method was used to determine approxi-
mate values for the velocity profile, the momentum thickness, and the
enthalpy thickness from the measured temperature profiles.

EXPERIMENTAT, RESULTS
Velocity Profilles

Experimental data.- Velocity profiles were measured under the experi-
mental conditions shown in table ITI, The measurements were made using
gir 1in both main and injected streams, except for rumns V-1 and V-2 for
which no fluid was injected, and at zero Euler number. Main-stresm veloc-
ities ranging from 20 to 60 fps were used. Traverses were made at
selected stations varying from 3.6 to 96.4 inches from the leading edge,
covering a length Reynolds number renge of 46,000 to 1,230,000. Mass
transfer, obtained by blowing or sucking air through the wall, was con-
trolled seperately through each of the 15 test-wall sections, so that a
stepwlse spproximstion to the desired longitudinsl mass transfer distri-
bution resulted. Data were obtained under conditions of blowing with
both constant velocity and comstant ¢ (vo « 1/\X in the laminar regime
and vg « l/xo-2 in the turbulent regime) and of suction wilth constant
suction velocity and constant @.

The measured wveloclty profile dats are tabulated in table IV.
Representative veloclty profiles are given in figures 8 and 9. Fig-
ure 8(a) shows velocity profiles for = run with no mass transfer; fig-
ure 8(b), for constent blowing velocity; figure 8(c), for constant suc-
tion velocity; and figure 8(d), for suction with an inverse square-root
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distribution (constant ¢ in the laminar regime). Figures 9(a) to 9(c)
show velocity profiles measured under conditions corresponding to the
tempersture profiles of figures 10(a) to 10(c). Figure 9(a) presents
the velocity profiles for blowing at constant @g; figure 9(b), for
constant blowing velocity; and figure 9(c), for suction at constant @.

Accuracy of messurement.- The accuracy of the wveloeity profile
measurements was limited by several factors:

(1) Uncertainties in the measurement of the wall position. The
¥y = 0 position could not be reproduced to better than $0.002 inch.

(2) Velocity-gradient effects. In the presence of a velocity
gradient the probe reading generally does not correspond to & probe
position meassured at the probe center line. Although the probe position
readings were corrected by means of a theoretical analysis of the
velocity-gradient effect, errors in the corrected probe position of the
order of #0.002 inch are possible.

(3) Pressure differential measurements. The manometer used to
measure the pressure differential caused by the velocity head geve a
correct indication of the pressure differentiel to the nearest 0.0005 inch
of heptane. The loss in precision due to the limitations of the instru-

ment is given by the expression %%-z 0.8 and becomes serlous st velog—

u
itles below 3 fps. Consequently, the profile measurements were not
extended into the very low velocity region of the boundary layer.

() Reynolds number effects. At low Reynolds numbers {(based upon
probe diameter) it is known that the usual "pitot tube” equation fails.
A check of the probes used here indicated that the pitot-tube equation
could be applied without errors greater than *1 percent down to a probe
Reynolds number of sbout 30. This corresponds to a velocity of sbout
3 fps, the same velocity at which the measurement of the pressure iltself
beglns to introduce serious loss of precision.

(5) Turbulence effects. The fluctuating velocity components asso-
ciated with turbulent flow affect the lmpeact reading. In these experi-
ments, however, the measured turbulence intensity was of the order of
0.3 percent, a sufficiently low value to have a negligible effect on
the velocity measurements.

(6) Flow disturbance effects. Any instrument plsced in the stream
disturbs the flow. The probe used here was designed to minimize this
disturbance. A comparison of the velocity as measured by the impact
probe and by & hot-wire anemometer showed good agreement except in the
1mmediste vicinity of the wall. Since the hot-wire was much smaliler
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than the impact tube, the agreement indicates that the impact probe did
not seriously disturb the flow at reasonable distances from the wall.
The readings of the impact tube and the hot-wire began to show signifi-
cant differences at a distance of sbout 0.03 inch from the wall. In
every case the hot-wire gave higher veloclties than the pltot tube.
This was found to be due to heat flowlng from the hot-wire to the cool
wall. Since comparison with the hot-wilire did not asdequately show any
wall flow disturbence, a second technlique was tried. The wall was
heated to a temperature ebove that of the main stream and the wall
temperature measured both with and without the probe immedliately adja-
cent to the wall. No change in wall temperature with probe position
could be detected, indicating that the disturbances caused by the probe
were small.

The accuracy of the wveloclity profile measurements can be summarized
as follows: The velocity itself could be determined with an accuracy
largely fixed by the manometer employed, the error in the velocity being

glven by the expression Au =~ ﬂ The distance from the wall corre-
u

sponding to a given velocity measurement was subJect to errors of

#0.004 inch, resulting from uncertainty concerning the zero position

and the effect of velocity gradient on the pitot-tube reasding.

In terms of flow conditions, the velocity profile measurements are
least religble when measured in a thin-boundary-lasyer region. Thin
boundery lsyers were found near the leading edge and at all positions
during runs made with a high suction velocity.

Momentum and Displacement Thickness

The measured velocity profiles were used 1r conjunction with equa-
tions (56) and (57) to calculate the value of the momentum thickness 3
and dlsplacement thickness 5% by numerical integration. The resulting
values of 8 and 8% are tabulated in tsble III.

The precision with which the momentum or displacement thickness
could be determined was a minimum in suctlion runs and a maximum in
blowing runs. This follows directly from the precision of the velocity
profiles from which the Integrals were evaluated.

Frictlon Coefficients
Local friction coefficlents were calculated using the values of the

momentum thickness and equation (59). The technique employed was to
plot the quantity 9', the momentum thickness corrected for mass transfer
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and mein-stream acceleration, as a function of the distance from the
leading edge x. The slopes dd'/dx of the resulting curves are equal
to the local value of cf/2. In a given run, the meximum number of
stations at which values of 9§' were determined was eight. Frequently,
these values coveﬁed lamiﬁar end turbulent flow. These circumstances,
coupled with the scatter of the data, made the determination of the
detailed relstion between d4' and x difficult. It was found that
when the data were plotted as 3' versus x on logarithmic coordinates,
a8 straight line, or two stralght lines for runs in which both laminar
and turbulent regimes were significant, fitted the data qulte well.

This is illustrated by figure 11 which shows values of 3d' wversus x
for all runs made at a main-stream velocity of 26 fps. All of the data
were treated in this wey; a curve of the form

3' = axP

was fitted to the data by the method of least squares. This relationship
was then differentiated to give the local friction coefficient:

C 1
e
2 ax

The empirical equations for the locael friction coefficlents found in
this way, generalized to include the effect of Reynolds number, are
tabulated for each run in teble V. Figures 12(a) to 12(k) show the
local friction coefficients for each run plotted as a functlon of the
distance from the leadlng edge.

Tt is realized that the method used to determine the locel friction
coefficient forces the derived relation to follow the form

cg _ 1
n
(Ry)

2

and consequently mssks effects which may be significant from a theoretical
point of view. Although this 1s undesirable, 1t is believed that the
precision of the data obtained here do not Justify a more sophistlcated
treatment.

The accuracy of the friectlon coefficients obtained from momentum
thickness values is a function of both the accuracy of the momentum
thickness data and of the type of mass transfer. Examination of equa-
tion (59) shows that in blowing runs d' represents the difference
between the momentum thickness 3 and the dimensionless blowing veloc~
ity vo/u;. At high blowing rates vo/u; 1s of the same order as 9§
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end the precision of 9' 1is less then that of § or vo/ui. In addi-
tion, the process of differentiation greatly reduces the precision of
the result, end the accuracy with which the local value of the friction
e 1
coefficient 2; = gg—) is known is less than the accuarcy of §' itself.

The reverse is true in the case of suction runs; §' 1s the sum
of 3 and vo/ul. On the other hand, the momentum thickness 1tself is
not known with precision in suction runs and this, when added to the
effects caused by differentistion, limits the precision of the local
friction coefficients with suction.

in analysis of these effects leads to the following estimates of
the precision of the friction factors reported here:

Estimated precision of

Mass transfer condition frictlon factor, percent

High suction rate =5
Zero mass transfer +10
High blowing rete +30

Direct Hest Transfer Measurements

Experimental data.- Heat transfer coefficients were measured under
the experimental conditions shown in table VI. The measurements were
made using air in both main and injected streams except for runs H-1
through H-4 for which no fluid was Injected. With the exception of one
run (H-27a), all experiments were made at zero Fuler number. Maln-stream
velocities of approximately 5, 20, and 60 fps.were used. The flow in the
tunnel was largely laminer at the lowest velocity and turbulent at the
highest velocity. At the intermediaste velocity the flow was generally
laminar in suctlon runs and turbulent in blowing runs. Measurements were
mede at points ranging from 2.8 to 111.9 inches from the leading edge,
covering a length Reynolds number range of 6,500 to 3,300,000. Data were
obtained with mass transfer through the test-wall sections adjusted to
glve both constant velocity and constant @ (vo = 1/¥x in laminar regime
and vo « 1/x0-2 in turbulent regime) with both blowing and suction.
Constant-velocity runs were made with vpo varying from 0.12 to -0.12 fps
end constant @ runs were made with @y verying from 1.2 to -3.6.

The directly measured heat transfer coefficlents are tabulated in
table VII. The data sre shown in graphical form in figure 13. Fig-
ure 13(a) shows coefficients for no mass transfer compared with pre-
dicted values. The predicted values are obtained from boundary-layer



NACA TN 3208 ' - ' 39

theory for the laminar regime. For the turbulent regime the predicted
values are obtained from the Chilton~Colburn empiricael relation

hx (Cpu>2/ > _ 0.0268

uiP1Cp\ k CRx)°'2

This relation is based on earller experimental work by other workers
and 1s seen to agree qulte well with the experimental data of runs H-2,
H"j’ and. H'J'I'o -

Figures 13(b) through 13(f) show comparisons of experimentally
measured coefficients with predlcted values for various cases of mass
transfer. Predicted values for the laminar regime are obtained from
boundary-layer theory end for the turbulent regime from film theory
based on the Chilton-Colburn relation. Figure 13(b) shows results for
blowing at constant @g; figure 13(c), for constent blowing velocity;
figure 13(e), for suction at constent @g;° and figure 13(f}, for con-

stant suction velocity. Figure 13(d) compares three runs for turbulent
flow end blowing. Run H-20 was made with a uniform blowling velocity

of 0.12 fps. Run E-2la was made with the same mean blowing velocity
but with the mass transfer rate adjusted to give a uniform wall tempera-
ture as well as a uniform gas tempersture. This resulted in a mass
transfer distribution with a constant value of ¢H' Run H-Z27e was made
with a uniform blowing velocity of 0.12 fps and was therefore identical
with run H-20s except that the main. stream was accelerated. In this
run the experimental values are compared with results of run H-20a
adjusted for differences in velocity.

Accuracy of measurement.- The accﬁracy of measurement of heat trane-
fer coefflcients was limited by seversl factors:

(l) Accuracy of temperature measurements. Temperatures were
measured by thermocouples attached to the porous screen and to perforated
vaffle plates behind the screen. The thermal electromotive forece of the
thermocouples was measured by a Rubicon Type B potentiometer with an
external galvanometer which was capable of readings reproducible to
within 1 microvolt (0.04C F). The thermocouples were calibrated so that
the uncertainty of the calibration was 0.08° F. The accuracy of indi-
vidual thermocouple readings was therefore not an important source of
error.

8In runs H-12 and H-24 the suction through compsartment G was inad-

vertently turned off. As a result, all data for these runs downstream

of x = 22 inches were affected by the irregular suction distribution.
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- The largest source of error in the temperature measurements arises

from deviation of the thermocouple temperature from the true temperature o
to be measured. The wall temperatures were determined by averaging the -
readings of three to seven thermocouples located In each compartment.

Individual thermocouple readings generally deviated sbout 20 to 40 micro-

volte from the mean value but differed as much as 100 microvolts in some

caeses. This effect was caused by nonuniformity of heating by the elec-

trical heater In contact with the screen. The effect was most notice-
"able in high-guction runs where it appeared that in some places the suc-

tion of air through the compartment lifted the heater away from the

screen. There was very little scatter of the thermocouple readings in
- runs with uniform blowing ges temperature in which the screen heaters

were not used. Mean compartment temperatures were therefore subject to
an error of about 1° F for blowing runs and 1° to 30 F for suction rumns.
The over-all temperature differences were generally sbout 20° F but in
some cases were as low as 9% F or as high as 30° F. The runs with the
lowest over-all temperature differences were therefore subject to the
greatest percentage error in temperature measurement. }

(2) Measurement of electrical energy inmput. Input of electrical
energy wes determired by measuring the voltage applied to the heaters
whose electrical resistance was known. The voltege was measured by an -
alternating-current meter callbrated against a standard meter with a
preclision of *1 percent. There was a small uncertainty in the voltage
measurements because of the current drawn by the meter itself, The
resistance of the heating elements was measured very precisely and was
not a significant source of error. The over-all uncertainty in the
measurement of electrical energy input was about 5 percent. ol

(3) Measurement of compartment flow rates. In runs where there was
a temperature difference between the screens and the baffle behind it,
the flow rate through the compartment was needed to calculate the heat
transfer coefficient (see fig. 6). This flow rate was measured by cali-
brated orifice meters wilth en uncertainty of 12 percent. This causes
very little error in the calculation of the heat transfer coefficient if
there ls s low temperature difference between the screen and bhaffle but
is more significant in runs with uniform gas temperature and with high
suction rates.

(4) Estimation of heat losses. The calculation of heat transfer
coefficients requlired the estimation of heat losses from the compartments
by redietion from the test wall to other walls of the tunnel, by convec-
tlon from the sides of the compartments, by conductlon between compart-
ments, and by radistion and convection within the compartments. The
over-all uncertainty in these corrections is about 0.1 Btu/(hr)(sq f£t)
(°F) for runs with little difference between screen and baffle tempers- .
tures .and sbout twice this for cases with substantilal temperature dif-
ferences. For runs with low coefficients such as low-veloclty runs,
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especially laminar blowing runs, this 1is a serious source of error

because the coefficients msy be as low as 0.4 Btu/(hr)(sq £t)(°F).

For runs with high coefficlents, this is not en lmportant source of
error.

The accuracy of the measurement of heat transfer coefficients can
be summarized as follows: The principal source of error is uncertainty
in the measurements of temperature differences between the test wall
and the maln stream and between the test wall and the baffle behind it.
The temperature differences can be measured to +1° F for blowing runs
and t1° to £3° F for suction runs, depending on the suction rate. This
error 1s most serious for runs with low over-gll tempersture differences
between wall and main stream or high over-all tempersture differences
between wall and baffle. The uncertainty of estimation of heat losses
can be serious if the measured coefflcient ls low but is unimportant for
high coefficients because it is a fixed sbsolute error on the heat
transfer coefficient. The measurement of electrical energy input is
subject to an error of sbout *¥5 percent. Other sources of error are
not important.

Temperature Profiles

Experimental data.- Temperature proflles were measured under the
experimental conditions shown in table VI. These are the same conditions
as those under which direct measurements were made, except that tempera-
ture profiles were not measured for every run. The experimental tempera-
ture proflile measurements are tabulated in table VIII. Representative
profiles are shown in figures 10 and 1%. Figure 1i(a) shows profiles
for laminar flow with no maess transfer; figure 14(b), for laminar flow
and blowing with constant ¢H; end figure 14(ec), for laminer flow and
suction with constant ¢H' Figure 14(d) presents profiles for turbulent
flow with no mess transfer. Figures 9 snd 10 show temperature and
velocity profiles for turbulent flow with blowing or suction, the veloc-
ity profiles of figures 9(a) to 9(c) corresponding to the temperature
profiles of figures 10(a) to 10(c). Figures 9(a) and 10(a) show profiles
for blowing at constant @g; figures 9(b) and 10(b), for a constant
blowing veloclty; and figures 9(c) and 10(c), for suctlon at constant @g.

A few values of heat transfer coefficients calculated from the slopes
of temperature profiles according to equation (61) are plotted as crosses
in figure 13(a). This method of determining coefficients was found to be
generally unrelisble end was abandoned.

Accuracy of measurement.- The accuracy of measurement of temperature
profiles was limited by several factors: :

(1) Uncertainty in the measurement of the thermocouple position.
The position of the traversing mechanism for which the thermocouple made
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contact with the wall was reproducible to a precision of about +0.002 inch.
The’ effective thermocouple position when the probe was in contact with the
wall could be determined to a precision of gbout +0.00l inch, giving an
over-all precision of the position of the thermocouple junction of

+0.005 inch.

(2) Accuracy of measurement of thermocouple temperature. The
thermal electromotive force of ‘the thermocouple probes was measured by
a Rubicon Type B potentiometer with an externsl galvanometer. The
- potential of the copper-constantan hiligh-velocity probe could be measured
with a precision of #1 microvolt (O.Oll-O F). The Chromel-Alumel probe
used at low velocitles had a higher wire resistance and therefore. a
%owegose?sitivity. Readings could be reproduced to about il% microvolts

0.06" F).

(3) Nonlinearity of thermocouple calibration. To simplify the
calculations, temperature profiles reduced to a dimensionless tempera-
ture (B) were calculasted directly from the thermocouple reading in
microvolts rather than first converting microvolts to degrees. This
was elloweble because the callbrations of the thermocouples were linear
over the temperature range of the profiles within the precision of the
temperature measurements themselves. The rate of change of thermal
electromotlve force wilth tempersture changes by not over 2 percent for
the temperature range of any profile. Therefore this is not a serlous
source of error.

(4) Determinastion of well temperature. In order to obtain dimension-
less temperature profiles, 1t was necessery to know the value of the
temperature of the wall at the point where the profile was measured.
For runs with laminer flow where the probe could measure temperatures
very near the well, the well temperature itself could be obtained by
extrapolation of the measured points to y = 0. Thls could generally
be done to a precision of about 5 to 10 mlerovolts. However, in cases
of turbulent flow where it was difficult to make measurements within
the laminar subleyer, or with very thin laminar boundary layers such
as those obtained at high suction rates, the probe could not measure
temperatures sufficiently near the wall and extrspolation was very
unreliable. In these cases the wall temperature could be better esti-
mated from the thermocouples in the wall itself, even though these were
not always located directly above the probe. The uncertalnty of the
estimation of wall temperature in these cases was sbout £30 microvolts.
This can therefore be a serious source of error in some cases.

(5) Conduction error in thermocouples. A thermocouple Junction in
a fluld stream can lose heat by conduction along its leasds unless pre-
caution is taken to eliminate this error. The probe designed for use
at low msin-stream velocities had sbout 1/2 inch of bare wire on each
side of the Junction exposed to air at the same temperature as the
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junction. Calculations show that the temperature of the junction will
be within 0.1° F of the true air temperature down to an air wvelocity of
0.5 fps. Thie allows measurements well wlthin the laminar boundary
layer for the low-veloclty runs. The probe used for high velocities had
gbout l/ll- inch of heavier wire projecting upstream. This probe could
measure temperatures within 0.1° F ebove an air velocity of 10 fps, but
at lower velocities it was subject to serious error and was not used
except in runs with s main-stream velocity of about 60 fps.

(6) Flow disturbance effects. The flow disturbance caused by inser-
tion of the temperature-messuring probes into the tunnel was checked by
observing whether or not the wall temperature changed eny when the probe
was brought near it. No significant effect was noticed at main-siream
velocities of 5 and 20 fps when the large Chromel-Alumel probe was used,
but a marked disturbance was noticed at & velocity of 60 fps. The wall
temperature dropped as much as 100 microveltis (lLO F) when the probe was
placed in contact with the wall. The next thermocouple downstream of
the probe read & higher temperature when the probe was in place. This
indicated that air was being deflected up through the screen shead of the
probe and was coming back out into the main stream just downstream of
the probe. This probe could not be used to make relisble tempersature
profile measurements &t high velocities because of this disturbance. A
similar test of the smsller high-velocity copper-constantan probe showed
no significent flow disturbance at a main-stream veloclty of 60 fps.

The accuracy of the temperature profile measurements can be sum-
marized as follows: The possible error in position of the thermocouple
junction was ebout *0.003 inch. Errors in measurement of thermal elec-
tromotive force or in calculation of dimensionless temperatures from
messured voltages were insignificant. Determination of wall temperature
was fairly good (2 to 3 percent) in leminar profiles which could be
extrapolated to the wall position but wes serious (up to 10 percent) for
thin boundary layers or turbulent profiles with thin laminar regions.
The low-velocity probe was not subject to error by conduction along the
thermocouple leads at velocities above 0.5 fps, but this probe disturbed
the flow pattern markedly at a velocity of 60 fps. The high-velocity
probe caused no significent flow disturbance but was in error because
of conduction along the ledgds at veloclties below 10 fps and could there-
force be used only for the runs at 60 fps. '

Enthalpy Thickness

Simltaneous velocity and temperature profiles are necessary in
order to evaluate enthslpy thicknesses. In all cases where similtaneous
profile measurements were made, the enthalpy thickness ¢ was calculated
by numerical integration according to equation (62)., The resulting
values of ¢ are tabulated in table VI. In some cases in the laminar
flow regime only a temperature profile was measured, but a veloclty
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profile could be derived from it if it was assumed that the profiles
were simllar except for a Prandtl number effedt. These derived veloclty
profiles were calculated from temperature profiles according to equa~
tions (64) and (65) and are tabulated in teble TX. The values of £
calculated from these temperature snd derived velocity profiles are also
tabulated in table VI.

As in the case of the calculation of momentum thicknesses and dis-
placement thicknesses, the precision with which the enthalpy thickness
could be determined was a minimum in suction runs and a meximum in
blowing runs.

Heat Transfer Coefficlents From Enthalpy Thicknesses

Local heat transfer coefficlents were calculated using the values
of the enthalpy thickness and equation (63). The technique employed
was to plot the quantity t', the enthalpy thickness corrected for mass
transfer, as a function of the distance from the leading edge x. The
slopes dg'/dx of the resuliing curves were equal to the local value
of the Stanton group h/pulcp. As in the case of corrected momentum

thicknesses; the experimental points were fitted with a straight line
on logarithmic coordinates, resulting in.a relation of the form g‘ = axP.
The relationship was then differentiated to glve the local Stanton group:

h =£ksab

pujcp dx

xo-1

The empirical eqguations for local heat transfer coefficients found in
this way, generalized to Include the effect of Reynolds number, are
tabulated in tgble V.

The heat transfer coefficlents derived from enthalpy Iintegrals are
in substantial agreement with the corresponding directly measured coef-
ficlents. TFor clarity, these relations have not heen plotted in fig-
ures 13(a) to 13(f) except in the case of run H-1, shown in figure 13(a).

The values of heat transfer coefficients calculated from enthalpy
thicknesses are subject to the same type af errors as the values of the
local friction factors calculated from momentum thicknesses. The pre-
clsion of the two results is roughly the same.

DISCUSSION OF EXPERTMENTAL RESULTS AND COMPARISON WITH THEORY

Velocity Profiles . -

Laminar regime.- Leminar-boundary-layer velocity profile data
obtained in suctlion runs are compared with the predictions of laminar-
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boundary-layer theory in figures 15 and 16. [n figure 15 profiles are

plotted for two runs with the same main-stream conditions but with two
different rates of uniform suction. According to Schlichting and

Bussmaenn (ref. 10), the laminar boundary layer on a flat plate with
uniform suction should asymptoticelly approach the relationship

u VoY
—_—=1 - ( o )
Uy exp m

at a great distance from the leading edge. Examination of figure 15
shows thet the asymptotic profile is approached, the profile at

x = 22.1 inches agreeing well with the theoretical proflile in each
case. The scatter in the dste may be ascribed to several factors:

(1) The asymptotic profile is attained only at a considersble distance
from the leading edge. Near the leading edge the profiles should be
steeper and the boundary layer thimmer, in line with the general trend
of figure 15. However, the calculations of Iglisch (ref. 20) indicste
that this effect should be less than that shown in figure 15. (2) Tt
was impossible completely to eliminate accelerstion of the free strean,
with the result that there was in each case acceleratlon between the
leading edge and station C, deceleration between stations C and D, and
acceleration between stations D and E. These velocity fluctuations
were of the order of &1 percent of the mean veloecity. (5) The test
wall possesses irregularities which could cause the effectlve position
of the probe when in contact with the wall to vary by a few thousandths
of an inch from station to station. In most cases it can be seen that
the experimental dsta are displaced from the assymptotic profile by =a
very few thousandths of an inch.

A third run was made st a still lower suction velocity, but transi-
tion to turbulent boundary layer occurred before the asymptotic profile
was approached. It 1s bellieved that the data of figure 15 are in agree-
ment with laminer-boundary-layer theory within the limits of experimental
precision.

In figure 16 lsminar-boundary-layer profiles for the case of suction
with an inverse square-root distribution ere compared with the calculated
profiles of Schiichting and Bussmann (ref. 10). These profiles are in
qualitative agreement with the theoreticel curves. The discrepancies
probably result from the acceleration and deceleration of the main
stream and from lrregulerlities in the test surface which introduce
errors 1n the measured value of y. ’

In blowing runs transition to turbulent flow occurred at such a low
Reynolds number that the laminar velocity profiles were not measured
with adequate precision. Work now in progress wlth more sensltive veloce-
ity measuring equipment has shown that this difficulty can be overcome
and the incomplete data show good agreement with theory.
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Turbulent regime.- In figures 17 and 18_the dimensionless velocity
ratio u/u; 1s plotted as a function of the dimensionless distance

ratioc y/ﬁ for ceses when the boundary leyer was turbulent. Each curve
represents data obtained at several different traversing stations and
consequently represents a wide varistion In downstream distance. Fig-
ure 17 presents data obtained under zero mass transfer conditions at

uy = 25.8 fps, figure 18(a) presents data obtalned with blowing at con-
stent @g = 1.25 end u; = 19.6 fps, and figure 18(b) presents dsta
obtained with a comstant blowing velocity vg = 0.04 fps end

uy; = 20 fps. When plotted in this way, the veloclty profiles for a
glven run are found to be simllar with the exception of the region very
near the wall. The profiles obtained with a constant blowing veloclty
exhibit somewhat greaster deviation from the mean curve than the datsa
obtained et @ = O  and ¢H = 1.23. The precislon of the constant 'vq
data does not waerrant any definite conclusions concerning departure from
similarity when a constant blowlng rate 1s imposed on the flow, but close
examination of the original data indlcates that at a given value of y/ﬂ
the wvalues of u/ul decresse ss the dlstance from the leading edge is
increased. This question and other toplcs relasted to the turbulent
veloclty profiles are discussed more fully when the turbulent velocity
and temperature profiles are compared.

Friction Factors

Lamingr regime.- A comparison of measured laminaf region friction
coefficients with those predicted by theory is shown in figure 12.

In all suction runs, the measured friction coefficients are in
good egreement with values predicted by laminar-boundary-leyer calcule-~
tions of Schlichting and Bussmann (ref. 10} for inverse square-root
suction and Iglisch (ref. 20) for uniform suction.

In the data reported here, only indicatione of the agreement between
theory and experiment were obtelned in the case of laminar, no~mass-
transfer flow. The x points of figures 12(a) to 12(f) are coeffi~
clents estimated from wall velocity gredlents of the flrst two profiles
of run V-l. The circled point is estimated from the value of §'
obtained at x = 3.6 inches, Ry = 46,000, run V-1, by means of the
relationship -

. 1 _1f8'
(cf/a)local, laminer ~ E(cf/z)mean, laminar Q(?F)

which is valld for the Blesius solution. These coefficients are in
reasonable agreement with theory, consldering transition to occur -
between x = 3.6 and x = 6.9 inches. In figures 12(g) to 12(k) the



NACA TN 3208 Co : b7

"experimental" no-mass-transfer laminar friction-coefficient vealues
shown were calculated from velocity profiles derived from the measured
laminar-region tempersture profiles of run H-l. Reasonsble agreement
is found between the "data" and theory.

In view of the poor precision of the laminar velocity profiles
obtained under blowlng conditions, no frictiom-factor calculations were
attempted. :

Turbulent regime.- Figures 12(a) to 12(k) compare measured friction-
factor values with those predicted by film theory or, in the case of no-
mass-transfer runs, with the values predicted hy the customary engineering
relation

Cfx _ 0.0296
2 (RX)O.Q

In those cases in which film theory was applied, the value of cr,, the
friction coefficient in the sbsence of msss transfer used to calculate ©
and ¢, was the experimentally measured coefficient at the same main-
stream conditions.

Zero-maess-trensfer friction coefficients were measured at msin-
stream velocities of 20, 26, and 59 fps. A comparison of the emplirical
friction~-factor and Reynolds number relstions derived from the experi-
mental data with the expected smooth-plate, turbulent-flow equation

°fx _ 0.0296
(3y)02

discloses some significant differences. At 20 fps measured friction
factors agree well with the expected relation. At 26 fps the relstion

c
derived from the experimental results is fe o _0.012 « Measured
2 (R )0.123
5'd

and expected values are equal at Ry = 128,000, but the experimental
value is 15 percent higher at Ry = 1,280,000. At 59 fps the relation

i 0.0k
2

= 5 6. The measured
.21
(Ry)

values are 24 percent higher than expected at Ry = 10° and 17.5 percent
higher at Ry = 106. It is believed that these differences result from
the behavior of the porous wall; the basis for this opinion iz discussed
more fully leter.

derived from the experimentel results is
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The comparison with film theory shown in figures 12(a) to 12(k) is
presented in the form of the measured correction factor 6OF = cg/cr,

plotted as a function of the rate factor @ = 2vo/ule* in figure 19.

The comparisons are subject to grester error than are the measured values
of cp or cr,  alone. Consequently, the scatter of the data points

shown 1n figure 19 is to be expected. The data points appear to indicate
that film theory somewhat overpredicts the effect of mass transfer.

This actually msy be the case, but, in 1light of the precision of the
data, such a conclusion cannot be Justified. The true state of affalrs
is in doubt. Withln the precislon of the experimental results, film
theory predicts the measured effect of mass transfer on the friction
coefficients.

Tempereture Proflles

Laminar regime.- Leminar-boundary-layer temperature profile data
are compared with the predictions of laminar-boundary-layer theory in
figures 20(a) to 20(c). Profiles for & run wlth no mass transfer are
shown in figure 20(a) in comparison with the theoretical profile calcu-
lated by Pohlhausen (ref. 25). The profiles show good similarity and
are in close agreement with each other, but all of the experimental
profiles are slightly steeper than the theoretical profile, indicating
that the heat transfer coefficient 1s higher than the theoretical value.

Figure 20(b) shows lamlner temperature profiles for a run with an
inverse square-root blowing distribution. Theoretical profiles are
plotied for no mass transfer and for the blowing rate used in this run.
The measured profiles indlcate that the thermsl boundary layer is
thicker than it would be in the ahsence of blowing but is not thickened
by the amount predicted by boundary-leyer theory, indiceting that the
heat transfer coefflecient is substantially higher than the theoretical
coeffilcient.

Figure 20(c) shows laminar temperature profiles for a run with an
inverse square-root suction distribution. These are compared with the
theoretical proflles for no mass transfer and for the suction raste used
in this run. The two upper profiles are in fair agreement with each
other and are slightly steeper than the theoretical profile. The third
profile was measured at a point further downstream and probsbly applies
to the start of the tramsition to turbulent flow. These profiles indi-
cate that the heat transfer coefficient 1s slightly higher than the
theoretical value.

The temperature profile measurements glive profiles that are generally
steeper than the theoretical profiles, with the greatest deviation from
theory occurring in blowing runs and the least deviatlion occurring in
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suction runs. These results will be discussed more fully following the
section covering direct heat transfer measurements.

Turbulent regime.- In figures 18 and 21 the dimensionless tempera-
To - T
To - T3
tance ratio y/t¢ for cases where the boundary layer was turbulent.

Each curve represents data obtasined at several dilfferent traversing
stations and consequently represents a wilde variation in downstream
distance. Figure 21 shows dats obtained in a run with no mass transfer

at wy = 16.2 fps. Figure 18(a) shows data obtained with blowing at
constant @ = 1.23 and uj; = 19.6 fps, and figure 18(b) presents dats
obtained with a constant blowing velocity vo = O.Of fps and wuj = 20 fps.
In the latter two figures, the data are compared directly with corre-
sponding velocity profiles. When plotted in this way, the profiles

for a given run are all found to be similar except in the region very

near the wall. -

ture B = is plotted as a function of the dimensionless dis-

The degree of similarity of the profiles i1s best in the runs with
no mess transfer or with blowing at constant ¢H' Although the preci-
slon of the experimental data does not permit a definite conclusion,
it appears that, in the run with constant blowing velocity, there is a
slight change in the shapes of the temperature and velocity profiles
with distance from the leading edge, possibly because of the change in
the value of .

The turbulent profiles were examined on logarithmic coordinates to
investigate thelr tendency to follow & power-law distribution. The
resulting plots could be fitted by a straight line, although the scatter
of the data wes such that there is no assurance theat the profiles
actually should give a straight line. Inspection of the data shows that
the points might be better fitted by a line with some upward curvature,
but the precision of the data was not good enough to justify trying to
fit such a curve to the results. The velocity profile with no mass
transfer (fig. 17, uj = 25.8 £ps) hed = slope of 0.21% and the tempera-
ture profile with no mass transfer (fig. 21, wu; = 16.2 fps) had a slope
of 0.19 when plotted on logerithmic coordinates. The profiles made with
blowing at constent @y (fig. 18(a)) had a slope of 0.265 and the pro-
files made with a constant blowing velocity of 0.04 fps (¢H = 0.55 to
0.85) had a mean slope of 0.25. These slopes are valid for values of
y/8 or y/t greater then sbout 0.l. The results indicate that an
increase in the blowing rate increased the slope of the turbulent pro-
files when plotted on logarithmic coordinstes.

The comparison of profiles for similarity was made by making the
distance from the wall dimensionless by dividing the distance by the
momentum or enthalpy thickness. However, 1f the profiles are similar
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when besed on this measure of boundary-layer thickress, it can be shown
that they will be similar when compared on the basis of the 99-percent-
point thickness and wlll have the same power-law exponent if a power
law 18 applicable.

Heet Transfer Coefflcients

Laminar regime.- The results of direct measurements of heat transfer
coefficilents are presented in figures 13(a) to 13(£f). Figure 13(a) shows
results for all runs with no mass transfer. The data for the laminar -
regime for these runs show that the measured coefficients are generally
in felr agreement with boundary-leyer theory but tend to be high. This
is in agreement with the finding that the temperature profiles are
gteeper than the theoretlcal profiles. Thls deviation from theory is
belleved to be due to the nature of the test wall used for these experi-
ments and will be discussed more fully later.

Figure 13(b) shows results for runs with blowing at a constant
value of @y (inverse square-root distribution for the laminar regime).
Because the stability of the boundary layer is decreased by blowing and
transition occurs at a lower length Reynolds mumber, all of the laminar
data for blowing had to be meesured in the front compartments of the
tunnel. These compartments had fewer thermocoupies and the wall tempera-
ture measurements were less preclse. In addition, errors due to heat
losses were important becsuse of the low ebsolute values of the coeffi-
cients. Consequently, the precision of these measurements was poor. The
data indicate that, generally, the measured coefficlents are substantislly
higher than the wvalues predicted by boundary-layer theory, although this
1s not true in all cases. Some of the measurements are in fair agreement
with theory. The fact that the measurements are generally high is in
agreement wlth the previous observation that the thermal boundary Llsyer
as Indlcated by the temperature profile is not thickened to the extent
predicted by theory.

Figure 13(c) shows the results for runs with a constant blowing
velocity. No theoretical calculations were available for the case of
heat tramsfer with uniform blowlng in laminar flow, so an approximsete
curve, indiceting predicted values, was determined by calculating the
value of ¢H at the polnt in question and then using the correction
factor Oy corresponding to that value of ¢H as predicted by laminar-
boundary-layer theory for a l/fi blowling distribution. The agreement
between the measured coefficients and the "predicted" values is falr,
although the precision of the measured values 1s poor.

The results of runs with suction with an inverse square-root dis-
tribution are presented in figure 13(e). The data are in falr agreement
with boundary-layer theory but tend to be high, agaln in agreement with

[y
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the measured temperature profiles. Figure 13(f) shows runs with uniform
suction velocity. These dasta are also seen to be somewhat high at low
suction rates; but at high suction rates the sgreement with theory is
good, although individusl points scatter widely. This was due to the
fact that in runs with high suctfon rates nomuniformity of heating of
the screen caused the readings of the wall thermocouples to scatter,
resulting in poor precision of the heat transfer measurements.

Turbulent regime.- Figure 13(a) presents results of runs with no
mass transfer. The experimental points in the turbulent region are
compared with the Ppredictions of the Chilton-Colburn empirical relstion

hy (g_pﬁ)z/ > _ 0.0288

upPqe k 0.2
1°1%p (RX)

This relation is seen to be in good agreement with the experimental data.

Experimental data for runs with blowing or suction are presented in
figures 15(b) to 13(f). In all cases except run H-27a of figure 13(a),
the experimental points are compared with the predictions of film theory,
using the Chilton-Colburn relation to predict hy.

In addition, figure 22 compares film theory and experiment on the
basis of the correction factor 6g = h/hx plotted as a function of the
rate factor ¢H = vopcp/h*. In every case, when the flow has become

fully turbulent the experimentel data, despite the scatter, appear to
be in sgreement with film theory provided that the mass transfer dis-
tribution upstream of the points where the measurements were taken was
reasonsbly constant. This is the case in all runs with constant suction
velocity end all runs with a constant value of ¢H in the turbulent

region (vo « 1/x0<2). In runs where there was some other mass transfer
distribution, the experimental results differ from film theory. This
cen be seen in figure 13(b), run H-10, and figure 13(e), runs H-13 and
H-15. In these runs an inverse square-root distribution was used
throughout the entire tumnel, including the turbulent region. In these
cases the mass transfer rate upstream of a glven point was higher than
it would have been if there had been a constant velocity equal to the
local velocity at the given point. As a result, the boundary lsyer in
the blowing run was thicker than it would have been with uniform blowing,
and the measured coefficlent was lower than the prediction of film
theory. Similerly, in the suction runs the boundary layer was thinner
than it would have been with uniform suction, resulting in coefficlents
higher than the values predicted by f£ilm theory. In run H~12, in which
suction through compartment G was inedvertently omltted, the coefficients
downstream of this point were all lower then the predicted values based
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on local suction rates. This indlicates that the boundary-leyer thickness
downstream of compartment G was greater than it would have been if that
compartment had had normal suctlon.

It was pointed out esarlier that simple film theory makes no allow-
ance for the effect.of variations of film thickness. Apparently this
is not a serlous defect 1f the mess transfer distribution is reasonsbly
constant, but some allowance should be made for film thickness if there
1s an unusual mess transfer distribution upstream of the point at which
the calculation is to be made. The data for the .1/yx distribution in
the turbulent regime are in better agreement with film theory if
equation (26)

¢
(exp %%)'- 1

is used and A/Ayx 1is taken to be equal to ?b/vo vhere Vo, 1is the

length mean mass transfer velocity. It 1s possible that some correction
of this type will be found suiteble, but the preferred form cannot be
defined at this time. The limlited data presented here are sufficient

to show the desiregbllity of an allowance of this sort but are not con-
sldered adequate to.show how much this correction should be.

B =

The blowing runs were made under two dlifferent conditions of heating.
Runs denoted by the letter "a'" were made with sir at a uniform tempera-
ture blown Into each compartment. There was no additional heat supplied
to the test weall; the wall was allowed to reach an equilibrium tempera-
ture. In runs denoted by the letter "b" additionel heat was supplied
to the test wall so that it reached a uniform temperature equel to that
of the gas being blown through the compartment. There was no noticesble
difference between the heat transfer coefficients determined in the two
cases when conditions otherwlse were the same. In constant-gas-
temperature runs, a wall velocity proportional to 1/xC-2 resulted in

a constant wall temperature.

Figure 13(d) presents the results of run H-2Ta. This run was made
with a constant blowing velocity of 0.12 fps and with a uniform blowing
gas temperature. The main-streem velocity was about 60 fps at the
leading edge and accelerated uniformly to about 70 fps at the end of
the tunnel. This run was therefore identical with run H-20a except for
the addition of acceleration of the maln stream. The experimental points
are compared with values obtalned at the same compartments 1n run H-20a
after adjusting these wvalues for the Reynolds number effect due to small
differences in maln-stream velocity. The experimental results are also
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taebulated in table VII. The measurement of Euler number in this run
was quite rough. Thils was an exploratory test and the results should
not be considered conclusive. There is a qualitative indication that
et Buler numbers significantly different from zero acceleration of the
mein stream inereases the heat transfer cocefficient by an amount sub-
stantially greater than the increase predicted solely on the basis of
the increased Reynolds number. This is a crude method of predicting
the transfer coefficlent and more refined techniques might result in
better agreement.

Transition Reynolds Number

The Reynolds number at which transition to turbulent f£low occurred
is plotted as a function of the dimensionless mass transfer veloclty at
the transition point Vb/ul in figure 25. These transition points were
not measured directly but were estimated from plots of friction factor
and/or heat transfer coefficients as a function of length Reynolds num-
ber. The plot can be used only to exhibit tremds. Qualitatively, i1t
is evident that mass transfer has a significant effect on the transition
to turbulence. In agreement with theory it was found that suction
delays the onset of turbulence whlle blowlng hastens its occurrence.

Behavior of Porous Wall

The experimental results deviate in a number of respects from what
might be expected on the basis of previous experimental and theoretical
work. With no mass flow, tramnsition to turbulence in the tunmel occurred
at a Reynolds number of approximately 1.5 X 105, an unusually low value,
Megsured turbulent friction factors were generally higher than the wvalues
that would be predicted by the usual equation

Cfx _ 0.0296
2 0-2
(Ryc)

end the experimentally measured effect of Reynolds nunber was a function
of the main-stream velocity. Turbulent velocity profiles, although

similar, 4id not very as (%91/7 but generally exhibited a larger expo-

nent. Laminar temperature profiles were usually steeper than theoretical
profiles.

These end similar effects might result from one or more of the
following factors: Error in measurement, high over-all turbulence level
in the tunnel, roughness of the porous surface, and vibration of the
porous test wall.
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Although measurement error can expleln moderate devigtions in the
data, it does not account for a number of significant effects.

The turbulence level of the tunnel was measured by means of & hot-
wire technique. The turbulence intensity of the main stream was
approximately 0.3 percent. A level of this magnitude capnot explaln
the effects noted.,

It appears probsble that the porous surface, although superficiaslly
smooth, 1s aserodynamically rough. A rough surface could account for
meny of the over-all effects noted but does not seem to be the complete
explenation. For example, in the ebsence of” other effects, a rough
surface would not be expected to result in a friction coefficient which
varied with velocity in a manmner which was not directly related to the
variation in Reynolds number.

Study of the test wall under operating conditlons disclosed the
presence of an oscillation of the wall that appeared to be directly
related to vibrations in the blower which supplled the main-stream
air. These oscllistions were of very small amplitude in the vertilical
plane and exhiblited meximum amplitude at & main-stream veloclty of
gbout 26 fps. Unfortunately, the vibration was not isolated until late
in the program when it beceme apparent that an anomalous effect was
influencing the results. GSubsequent work hes shown that the screen
osclllation can be eliminsted, but this was not done in the work
reported here. It is belleved that the screen oscillation slgnificantly
affected the data obtained at 26 fps but was of secondary importance st
other velocities.

SUMMARY OF RESULTS

The effect on the boundary layer of blowling or sucking air through
a porous flat plate into or out of a main eir stream flowing parallel to
the plate was studied theoretically and.experimentelly. Theory and
experiment showed qualitative agreement in all caseg. Suction decreased
the boundary-leyer thickness, lncreased the magnlitude of the friction
and heat transfer coefficients, and delayed the transition from laminar
to turbulent flow. Blowlng increased the boundary-lsyer thickness,
decreased the magnitude of the frictlion end heat transfer coefficients,
end hastened the transition from laminar to turbulent flow.

In the leminer regime the predictions of boundery-leyer theory were
not alwsys in quantitative agreement with experiment. The largest
deviations were observed when blowlng occurred. The discrepancies
appeared to be due to test-wall roughness and vibration.
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An adequate theoretical treatment of the turbulent boundary lsyer

&s not availﬁ,ble. A simplified approximate method of analysis termed
film theory was used in thils work. Within the accuracy of the experi-
mental data, film theory predicted the experimentally observed effect of

nmass transfer on the turbulent friction and heat transfer coefficients

when the mass transfer rate was independent of x (the axlal distance

from the leading edge of the plate) or varied as l/xo'a. When the mass
transfer rate varied more repidly with x, simple film theory showed
greater depertures from experiment. The accuracy of the experimentally
measured coefficients, particulerly of the friction coefficients, did
not provide a conclusive confirmation of the predictions of £1lm theory.
Film theory appears to be the best prediction technique now availsble,
but further work may lead to a more realistic method.

. Measured turbulent veiocity and temperature boundary-layer profiles
were found to be similar when the mass transfer rate was independent of

distance from the leading edge of the plate or varied as l/x0'2. The
similarity was observed when the dimensionless velocity u/ul was
plotted versus the dimensionliess distance y/ﬂ and the dimensionless

To - T
temperature EO—T_ was plotted versus the dimensionless distance y/ E,
o~ +1

where u denotes the x component of the local velocity; u], the main-
stream velocity; ¥y, the normal distance from the plate; ¥, the momentum
thickness; T, the local temperature; Toy, the wall temperature at y = 0
Ty, the main-stream tempersture; and ¢, the enthalpy thickness. The
relationship between the dimensionless profile parameter and the dimen-
slonless distance paremeter could be fitted reasonsbly well by a straight
line on logerithmic coordinates. The slope of this line was & function
of the mass transfer rate, increasing with an increase in blowing rate.

Messachusetts Institute of Technology,
Cambridge, Mass., February 4, 1953.



56

lo L

11.

NACA TN 3208

REFERENCES

Stefan, J.: Sitzungsber. Kalser Aksd. Wiss. Wien, Math. naturwiss.
Klasse, Bd. 68, 1874, p., 385. (See Jakob, Max: Heat Transfer.
Vol. I. John Wiley & Sons, Inc., c. 1949, pp. 598, 601.)

Iewls, W. K., and Chang, K. C.: The Mechanism of Rectification, III.
TI'B.JJ.S. Am. InS't- Cllem. En.g., 'V'Ol. 21, 1928, pp- 127—138.

Sherwood,, T. K.: Absorption and Extraction. First ed., McGraw-Hill
Beok Co., Imec., 1957, p. 1ll.

Colburn, A. P., and Drew, T. B.: The Condensation of Mixed Vapors.
Trans. Am. Inst. Chem. BEng., vol. 33, 1937, pp. 197-212.

Ackermann, G.: Warmelbergang und molekulare Stoffiubertragung im
gleichen Feld .bel grossen Temperatur- und Partisldruckdifferenzen.
Forschungsheft 382, Forsch. Geb. Ing.-Wes., 1937.

Friedman, J.: Studies of the Gas Phase Transpiration Cooling Process
Using Alr as a Coolant. Symposium on Heat Transfer Problems in Jet
Propulsion (ILos Angeles and Pasadena), 1948. (Paper not generally
availsble.)

Prandtl, L.: Uber Fliissigkeitsbewegung bei sehr kleiner Reibung.
Verh. dritten Internationalen Mathemstikerkongresses (Heidelberg,
1904), Teubner (ILeipzig), 1905, pp. 484-49l. (Availeble in English
translation as NACA TM L452.)

Fluid Motion Panel of the Aeronautical Research Committee and Others
(S. Goldstein, ed.): Modern Developments in Fluid Dynemics.
Vol. II. The Clarendon Press (Oxford), 1938, p. 53%4.

Damkthler, Gerhard: Die laminare Grenzschicht beim Stofftransport
von und zur Laéngsangestromten ebenen Platte. Zs. Elektrochemie,
vol. 48, no. 4, 1942, pp. 178-181. ’

Schlichting, H., and Bussmann, K.: Exakte IOsungen fur dle laminare
Grenzschicht mit Absaugung und Ausblasen. Schriften, Deutsche Akad.
Luftfahrtforschung, Sonderdruck aus Bd. 7B, Heft 2, 1943, pp. 25-69.

Schlichting, H.: The Boundary Leyer of the Flat Plate Under Conditions
of Buction and Air Injection. Iuftfahriforschung, Bd. 19, Lfg. 9,
Oct. 20, 1942, pp. 293-301. (Availsble in English translation as
RTP Translation 1753, British Ministry of Aircraft Prpduction.)



NACA TN 3208 o7

12.

i3.

k.

15.

16.

17.

18.

19.

21.

22.

Schlichting, H.: An Approximate Method for Calculation of the
Laminar Boundary Layer With Suction for Bodies of Arbitrary Shape.
NACA TM 1216, 1949.

Schuh, H.: The Solution of the Laminar-Boundary-Layer Equation for
the Flat Plate for Velocity and Temperature Fields for Veriable
Physical Properties and for the Diffusion Fileld at High Concentra-
tion. NACA TM 1275, 1950.

Thweites, B.: An Exact Solution of the Boundary-Lasyer Equations
Under Particular Conditions of Porous Surface Suction. R. & M.
No. 2241, British A.R.C., 1946.

Yuan, Shao Wen: Heat Transfer in Laminar Compressible Boundary
Layer on & Porous Flat Plate With Fluid Injection. Jour. Aero.
Sel., vol. 16, no. 12, Dec. 1949, pp. T41l-748.

Eckert, B., and Iieblein, V.: Berechnung des Stoffilberganges an
einer ebenen Lingsengestromten Oberfldche beli grossen Teildruck-
gefdlle. Forsch. Geb. Ing.-Wes., Bd. 16, Nr. 2, Sept.-Oct. 1949,
Pp. 33-42. (See also Eckert, E.R.G.: Introduction to the Tramsfer
of Heat and Mass. First ed., McGraw-H1ill Book Co., Inc., 1950,

p. 67.)

Ulrich, A.: Theoretlcal Investigation of Drag Reduction in Main-
taining the Laminar Boundary Leyer by Suction. NACA TM 1121, 1947.

Lew, H. G.: On the Compresslible Boundary Layer Over a Flat Plate
With Uniform Suction. Reissner Anniversary Volume, J. W. Edwards
Co. (Ann Arbor), 1949, pp. 43-60. :

Ringieb, Friedrich 0.: Computation of the Laminar Boundary Leyer .
With Suction. dJour. Aero. Sci., vol. 19, no. 1, Jan. 1952,
pp. 48-5k.

Iglisch, R.: Exakte Berechnung der laminaren Grenzschicht an der
Léngsangestromten ebenen Platte mit homogener Absaugung. Schriften,
Deutsche Aked. Luftfshrtforschung, Bd. 8B, Heft 1, 194k, (Avail-
able in English translation ss NACA TM 1205.)

Brown, W. Byron, and Donoughe, Patrick L.: Tebles of Exact Laminar-
Boundeary-Isyer Solutions When the Wall Is Porous and Fluid Prop-
erties Are Varilable. NACA TN 2479, 1951.

Libby, Paul A., Ksufman, Lawrence, and Harrington, R. Paul: An
Experimental Investigation of the Isothermal Laminar Boundary
Iayer on a Porous Flat Plate. Jour. Aero. Scil., vol. 19, no. 2,

Feb. 1952, pp. 127-13k.



58

25.

2L,

26.

27.

28.

29.

NACA TN 3208

Duwez, Pol, and Wheeler, H. L., Jr.: Experimental Study of Cooling
by Injection of a Fluid Through a Porous Material. Jour. Aero.
Sei., vol. 15, no. 9, Sept. 1948, pp. 509-521.

Blasius, H.: Grenzschichten in Flissigkeiten mit kleiner Reibung.
Zs. Math. und Phys., Bd. 56, Heft 1, 1908, pp. 1-37. (Availsble
in English translation as NACA TM 1256.)

Pohihausen, E.: Der Warmeaustausch zwischen festen KOrpern und
Tliissigkeiten mit kleiner Reibung und kleiner Warmeleiltung.
Z2.2.M.M,, Bd. 1, Heft 2, Apr. 1921, pp. 115-121.

Wilke, C. R.: Diffusional Properties of Multicomponent Gases.
Chem. Eng. Prog., vol. 46, no. 2, Feb, 1950, pp. 95-104.

Curtiss, C. F., and Hirschfelder, J. 0.: Transport Properties of
Milticomponent Gas Mixtures. Jour. Chem. Phys., vol. 17, no. 6,
June 1949, pp. 550-555. :

Bromley, L. A., and Wllke, C. R.: Viscosity Behavior -of Gases.
Ind. end Eng. Chem., vol. 43, July 1951, pp. 1641-1648.

Lindsay, A. L., and Bromley, L. A.: Thermal Conductivity of Gas
Mixtures. Ind. and Eng. Chem., vol. 42, Aug. 1950, pp. 1508-1511.



TABLE I.- THEORETICAL VAIUES CF 2p'(0) CALCULATED

FROM LAMINAR-BOUNDARY-LAYER THEORY

28'(0)

¢ 2=06[2=07|2=08|2=09|2=1.0(Z=1.1|2= 14 |{%=2.0 Z =5,0
-i.o 0.2321 | 0.2067| 0.18%L( 0.1615| 0.1419 | 0.1242{ 0.08219| 0.03423 | 0.0002818
-T5 8 L290 J116 3933 3THT 3560 5019 2098 02531
-5 .6600 S . 6649 6626 .6580 6516 6527 5587 2533
-.25 9787
0 :L.ios 1.170 1.228 1.280 1.528 L1.5Tk 1.689

5 1.579 1.716 1.845 1.970 2,092 2.213 | 3.193
1.0 2.069 2.288 2,501 2.709 2.916 3.121. k. 892
1.5 2.5T6 | 2.885 | 3.189 3.487 | 3.784 | 4.080 6.699
3.0 Y, 17k h.765 543554 5.94% 6.529 7.115 1241
5.0 | 6.417 | 7.402 | 8.388 | 9.37% |10.36 |11.35 20.26
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TABLE II.- THECRETICAL VAIUES OF B(n) CALCULATED FROM
LAMINAR-BOUNDARY-LAYFR THEORY

ovy fapx y fIPX _ . =T
E T AT n =5 TR Bp = u/uy; Bg Tq - Tl’
4o = %4 CpH "
BD = = 13 = == ZD = ———
Xio - X171 o 1 k _ PDim
g(n)
n
Z = 0.60 Z = 0.72 Z =100 ° Z = 2.00 Z =5.00
Suction; C = 0.5
0 o} ) 0
.2 .1680 990 T
A 3233 ST
.6 Lehs 5337 T
.8 .5895 6658
1.0 .6965 7722
1.2 GV .8532
1.k - 8533 .9110
1.6 9046 .Ohgh
1.8 9409 L9751
2.0 9651 .9867
2.2 9804 9939
2.4 .9896 <9974
2.6 997 9990
2.8 <9975 <9997
3.0 .9989 <9999
3.2 .9995 1.0000
3.4 .9998
3.6 .9999
3.8 1.0000
Suction; C = 1.0
0 0 0 o] 0 o}
.2 L1949 .2170 2641 o2k 6728
4 3665 2032 L7176 6659 .9073
.6 5149 ’ 5596 6453 .8287 9785
.8 .6398 6869 ST 9209 .9961
1.0 JTH16 . 7864 .8609 } 9675 .9996
1.2 .8213 .8606 .9205 .9883 1.0000
1.h .8811 9132 9575 : .9961
1.6 .92k0 .9485 .9788 .9989
1.8 .9534 9710 9901 _ .9998
2.0 9736 9844 <9957 .9999
2,2 9845 .9921 .9983 1.0000
2.4 .9917 9962 .999k
2.6 9957 9983 .9998
2.8 9979 <9993 .9999
3.0 .9990 .9997 1.0000
3.2 .9996 +9999 1.0000.
3.4 .9998 1.0000
3.6 .9999 1.0000
3.8 1.0000
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TABLE II.- THEORETICAL VAIUES OF pB(n) CAILCULATED FROM

LAMTKAR-BOUNDARY-LAYER THECRY - Contipued

[:18Y)
n
Z = 0.60 Z = 0.72 Z = 1.00 Z = 2.00
Suetion; C = 1.5
<] o} 0
.2 8- 57 3263
R . LSk 56
.6 6393 .
.8 .gzo Bik9
1.0 8499 .9186 .
1.2 -S09T 9571
1.4 9484 9796
1.6 9719 9910
1.8 .9855 5963
2.0 9929 -9986
2.2 9967 .9996
2.4 9986 9999
2.6 9934 1.0000
2.8 .9998
3.0 1.0000
Buction; C = 3.0
0 0 1]
.1 WAL .2820
.2 L2k 5902
.3 5535 6428
oA 6615 .g}h
5 Jué2 8325
T .82, 9265
.8 9006 9526
-9 <9291 -9700
1.0 +9501. 5813
1.1 9653 -9886
1.2 9762 9932
1.3 9839 9960
1.k 9892 9977
14 2550 03
1.g 9970 9996
1. .998L 9956
1.9 .9988 9999
2.0 -999> 1.0000
2.2 9998
2.4 9999
2.6 9999
2.8 1.0000
Buction; C = 5.0
0 0 [+ (4] 0
Ok 1209 s .1882 3339
.08 2282 2641 Sha1 S55TT
E 3232 . % A681 7072
. 4073 o <3702 -&ata
.20 4818 5409 6548 8133
.28 6057 6678 .TT66 B
.56 -7019 -T613 8577 STTT
Ak .TT62 .8302 .910% 9910
52 .8330 .880L JOhh3 B
.60 8763 9160 9657 9987
.68 .905L ST 9792 9995
-T6 9336 9599 . -9999
& <9519 -3326 9926 -9999
.92 965k .9815 29957 1.0000
1.00 9753 9876 E
1.08 9325 9918 .9986
L.16 9877 96 9992
.2k 991k 5965 .9996
1.32 9340 .9978 .9998
1.k0 9959 .9986 29999
1.%8 K .9991 1.0000
1.56 .998L <9995
1.6 9987 gg%
J..gg 9992 R
1. -959k «9999
1.88 9996 1.0000
1.96 9998 1.0000
2.0k 3999
2.12 9959
2.20 9939
2.28 1.0000
2.36 1.0000
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TABLE IT.- THEORETICAL VALUES OF B(n} CALCULATED FROM
LAMINAR-BOUNDARY~LAYER THEORY - Contimued

B(n)
2 = 0.60 Z = 0.72 J Z = 1,00 I Z = 2.00 Z = 5.00
Ko mass trensfer; C = O
[¢} 5] : 5} 2} [+
.2 .1108 .1182 1328 . .1688 .
R 2211 2359 - 3355
.6 3300 SBL .39 . 4950
.8 4358 L6 5168 - 6399
1.0 5363 5689 6298 .
1.2 6293 ' L6647 +7290 8567
1.4 K Zo&é 8115 9221
1.6 7843 8189 L8761 9684
;.g gl;;ﬂ 87150 -9233 9859
R 11 9V . 9555 .
2.2 9269 9&32 . .9981
2.4 9523 9690 9 - 995k
2.6 9708 .9823 g9k2 9999
2.8 .9828 990k 995 1.0000
3.0 9902 9931 9930
3.2 99k T .gggg 9996
5.4 9972 « -9959
3.6 . 9995 1.0000
3.8 9994 9938 1.0000
k.0 9997 9599
b.2 +9999 9999
by 1.0000 1.0000

[+

oabFpobakbonmFnodrFRO DTN

rrFFFyyUUWNNNMMPHHHH

o [+} 0 1} 0
.gsegll; .ggho J.zggg LS 'am:.o
“2750 ~2886 3158 . o
«369% 5886 L1257 4985 5513
555 o] L g2 5
. §'§§ .6598 X 2 éﬁ .
T . . K
7838 Z'{é"} %& 9553 9564
'BB% '9151 9168 .9997?01 .9999
9234 “5ik3 . 2 :9963 1.0000
. 9660 9886 9992
R 9802 9930 9
9810 9891 .9 1.0000
-gggg 991»2 9987

5 “o598
‘o008 5597 13
9996 +9999 %
5998 1.0000
<9999
1.00500

aFhohFLODRFNO BOFR

W“\_J\IFF?-F’FUUUIUUNNNNM

0 1} 0 1] o
0680 .0688 . .06918 L0618 .0328
b0 o E- T8 k55 1368 .0860
L2161 . 2286 226% .168%
2955 3032 3182 3298 2872
S3TTh .ﬁee'r s e .2402
h& . 5 6109
526 52?5’ 6038 697
ggago 6438 6935 2 2
6963 .T200 TT3: 2 .95
K e g%g '32& :

. . . 9639 9974
8704 8913 9354 S8 9956
9093 927; 9617 9941 1..0000
.9 953 9791 9581 1.0000
. 9 5893 §995

9T SWBT 95k9

9853 .9910 9978 ° 1..0000

9917 9953 9991 1.0000

9954 9976 <9997

% %905 170000

o0k 500 110000

9997 9999 1.0000

9999 1.0000 1.0000

1.0000 1.0000 1.0000

2..0000 o 1.0000

1.0000 1.0000

1.0000 —
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TABLE IT.- THEORETICAL VALUES OF g(n) CAICULATED FROM

LAMINAR-BOUNDARY~LAYER THEORY - Concluded

g(n)
_n Z = 0.60 7 = 0.72 2 = 1.00 Z = 2.00
Blowing; C = -0.75
o] 0 0 o 0
.2 oh65 0452 OOl .02k
e 097k 055k L0873 05
.6 .1528 1508 81k L1011
.8 2129 .2118 2032 .1583
1.0 2T .27680 2728 2309
1.2 . 23491 3499 .3198
1.4 L1718 hokl 4331 k232
l.g 15;2;5 s501h zg% 5362
1. 5 5792 . .
2.0 6379 6548 6919
2.2 .TO6% <7258 . T6%9 8456
2.4 L7691 7899 .8352 9116
2.6 8242 8450 .8830 9549
2.8 .8708 8903 9295 9797
3.0 9085 <9257 9580 -9920
3.2 9377 . 9766 9973
3.4 9592 970 .9878 .9992
3.6 3 . L9941 .9938
3.8 5 «9903 «S9Th 1.0000
k.0 .9910 9948 .9989
h.2 <9950 997 .9996
h.h 997k .9988 .9999
4.6 9987 .9995 1.0000
L.8 9954 .9998
5.0 9997 -9999
5.2 9999 1.0000
S5t 1,0000

Blowing; C = ~1l.0

1] 0 o "] ")
.2 0247 0222 0157 JO0k2
B3 0525 OWTT 0349 .0105
.6 .0837 Reyg(ol .0582 .0198
.8 1189 L1105 .0865 .0335
1.0 1582 : .1488 .1207 L0534
1.2 .2020 1922 .1616 .0819
1.4 2505 2h09 .2100 .1218
1.6 3036 2952 2664 2760
1.8 3611 .3549 .3308 2467
2.0 . 5193 4028 23349
2.2 L8712 1875 1808 1385
2.k 5535 5579 5625 5519
2.6 .6200 .6285 L6445 6663
2.8 6848 6369 .T229 T710
3.0 Th59 7608 .T940 8571
3.2 8013 .8180 8547
3.k 8498 .8668 .9032 9601
3.6 <5065 -9393 .9825
3.8 9230 9372 9643 9933
'] 9598 .980k 9978
4.2 9662 .9899
L.b <9790 9857 9952 .9998
4.6 98Tk 9921 9979 1.0000
4.8 .9928 9953 .9991 1.0000
5.0 9961 9979 9937
5.2 997k .9990 9999
5.4 .9990 .9996 1.0000
5.6 9995 .9998 1.0000
5.8 9998 9999 1.0000
6.0 9993 1.0000 1.0000
6.2 1.0000 1.0000
6.4 1.0000
6.6 1.0000




TABIE ITT.- SUMMARY (F VELOCTTY PROFIIE MEASTERMEWTS
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ol 8848505 T5N09 34R0AARIR DUNGRY DANE 3994389 pegned
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[ 050804 nnngan BELE seesess 999%4e
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TABIX ITI.~ OUHMARY OF VELOCTYY PROFILE HEASURTMRYS - Conolnded

Aoclal Main-
Fun ugy fpa Buler wivexn Indected A ransfur x 1o, Ry Yo (1oaal), 8%, 1, 2, w.
v-b .7 o AMr M Mniform suation 3.6 5,000 0,130 0.009 0.00k
6.9 67,000 ~.151 016 .008
1.8 1h2,000 =130 .0L3 . 006
15.2 205, 000 - 129 011, 006
20,1 5000 -.150 0L6 .008
0.1 ,000 =130 015 009
38.8 k50,000 -.130 019 .02
k6.9 5,000 -.189 .02 .01
T0.8 ,000 -.130 016 009
5 BT ] Mr Alr Bootion; v, = Liy% 3.6 7,000 -.511 00k 002
C =90 6.9 91,000 - .00 003
1.2 1h7T,000 =, 178 0B 005
16,2 213,000 -, 143 005 005
2.1 £50,000 -.121 0158 007
30.1 9%, 000 - 105 022 013
58.8 510,000 ~.0022 .02 woy
hﬁ.g 616,000 - 0852 058 03
Z?‘ 930,000 -, 0B8T 056 .04l
3.5 1,100,000 -, 0850 088 030
96.% 1,270,000 . O30 086 056
10 2.9 0 Mr Mr Bactiony vy < 1/{x 5.6 16,000 ~.158 006 003
=30 6.5 , 000 1M .8 007
n.z R -. 20 L] %
16.2 206,000 -, 0056 01k .
.1 280,000 -.g g 013
0.1 000 - . 083
46,9 ﬁ;ooo - ,058 .ol
85.% 1,06%,000 -. 0577 118 087
v-1 .9 4] Mr Alr Cniform suation 5.6 36,000 =.0920 3 007
6.9 08,000 B ) , .an
n,g 1%2,000 =~ 0321 003 012
6.2 206,000 -, 0819 008 017
2p.1 g,om -.092L 038 85:&
50.1 000 . 0581 02 .
3 598,000 - 076 ‘o
BS.% 1,064,000 -0 189 097
18 9.8 0 Mr Mr Socticn; constant 6.1 =8, 800 -.080 o7 .0l
fg = -L2 0.7 100, 000 -.0% 037 Q16
i i Dom o o
ga:h 570:100 -:059 2060 O3
5.2 810,000 -3 073 093
B4 .2 o Hr Alr Suction; commtant 10.7 108, %00 =001 .08 008
' ¥y = -5.5 2.4 381,300 .03 038 020
BiTn 20.0 [} Mr Mr Constent blowing 6.1 59,100 LOBL .056 .50
velocity 0.7 100, 800 N iy .00
¥, = 0.0% fos 2L.% £15,800 059 Jeﬂ 097
58,1 575,600 oo . +160
8.4 T2, 300 -39 357 -220
83,3 815,200 039 JiaL 275
-85 19.6 0 My My Comsiant sugtlon hé.2 k61,800 -.120 .016 007
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Station ¢ Station D Station E Station ¥ Btatlon @ Btation H Stxtion T Station J Btation X Btation L Sation M Station X
Y | B | n il n ¥ | » Y, | B8 ¥ | n | n s | 1| Yo [ B |l o LS
in. vy in m in. Uy . Ll wy in uy in uy in, vy in wy in uy in. uy in oy
Ron ¥=1; no trapsfer; uy = 25.8 fps
x=3.61in. | xm=65 in. xwm 15,240, [x = 22,1 fo. [ x = 30,1 in. [z = 38.8 in. | x = 36.9 in." x = 70.8 in. x =96} in.
Ry = §6,000 | By = 88,000 Ry = 206,000 | By = 280,000 | By = 382,000 |Ry = 492,000 | By = 595,000 Ry = 98,000 Ry = 1,220,000
0.013 | 0.3m5 | 0.c03 | 0.365 0.013 | 0.h40 | 0.013 | 0.440 | 0.013 | 0.572 | 0.015 | 0.%8| 0.013 | o. 0.013 | 0,31k 0.013 | 0.
016 | AOT| .016) 418 015 | 72| W025| Aol Lou8 | Wby | .a16| 35| .6 m 016 | .3k . ﬂ
.09 | Jse| .09 473 019 | ok | W09 | Wooh| L9 | Jhme | Lo1p | bS] .019| k63 0211 396 K Ry
022l 02| LB 916 Q23| e | .02k AE | o2k | Jhok | .22 | LW 02k | 99 029 | 560 I S ]
DS S W25 58 O f 81 031 WS8R W0BL| B3| L027] .slR) .03L| 53T -039 | 508 05k | kb
030 | .6eT| .030] 613 03 Geh | Lo39| .Ba5] .03 | 79| .03k | Jshe| .ok1| .37 Ok | 5hB 073 S0
tig Loz 035 .660 055 | .68 ?éﬁ G5 Lohg| . o2 | L0%6 ﬁ O 582 A0k | 609
. g% Ohz | W71l o6 ] . O3 078 | k7| L052| GOb| .0BL| , W10h | 612 A5k | 636
-0h% o gg 757 L1051 WG| 089 0B 0ok | er2 ) L067) 691 1180 677 B Bk G
050 . . -T93 W35 . A59 | . JI3% | W70 | W92 | J6%9) L1661 JTOR - B S5k WT1E
0581 W03 Loms| .83 163 .g 189 .gg;- WA | W8 | k2| Jro2| Al m3 - NN 08 | TS50
060 | 922 .055| .OT8 205 . &% | 6| 26| .B0B | .92 m) W31 gy Bk :rr% H5h | .
0657 998 | 12| .96 255 | .906 | 280 | .883| .3k | .Bas | .2 . iyl .38 5% | .70 B | .
0751 98| 185 .96% 503 | W93 | L339 | 916 Jbhk| 910 | %92 Shl| JB78 62 | ORO L.o0% |
090 | 998} 2131 550 393 | W97 | L300 | Joha | Lshh gg 492 | .80 (1| W91k B7h L850 1.8 | .513
125 1000 200 596 A3 | 08y | a3 066 Bk | . 92| 926 1| 5k0 Lo | 9% LAsk [ .oh3
«390 | .98 33| 998 [ 530F .9BB| ek | o2 | 92| .98 .Bol| .97 L2m | 98 165 | .92
.590 | 1.000 733 [1.000 | 639 | .9o7| .obk | .998 | .Bue| o8l Loki| .g90 L7 | 082 1.8% | .000
2739 | 1.000 | 1.2k |1.000 |2.0k2 | .999] 1.241] 2.000 167 | 593 2.0 [ .998
1.792 | 1,000 187 | .998 2.25% | 1.000
2.07% |1.000.
] Rum ¥-2; oo tremsfery oy = 58,7 fpe
x = 6.9 in. x = 22.1 in. x = §6.9 in. x » 70.6 in. % = 96,4 in,
Ry = 200,000 Re = 640,000 . = 1,350,000 Ry = 2,040,000 By = 2,780,000
0.013 | 0.h5L 0.013 | 0.495 0.013 | 0.524 0.013 | 0.363 0,013 | 0.h93
016 | .50L 017 50m OL7T| 837 016 | hep B | .%e3
019 000 | 518 o022 mm, 005 | MR 083 | .shT
022 | 572 025 | 5% .03z | .=e8 026 | 508 028 | .m6%
025 | 95 .088 | .mk6 o2 | 82 038 | 36 Q38 | .82
.0a8 | .62 053] .n6s 057 -me8 LOhB | .omh 033 | 602
055 | .6%6 .0k3 | .%88 082 | .68 0686 | .5BL om0 | 623
ﬁ .680 055 | .608 Ja22 | 632 .28 | ,60% J18 | Lan
el I a0 | .63 At | L6k 128 | € | e
551 LTS L0008 | 672 - - N 661 L3501,
N A ) J30 | W2 -38e E? .258 | 708 53| 155
+080 .@ - 180 .g% Lda | .50 B ] E J43 | e
2100 | . o | . Sk | .88y =8| . 293 | .800
125 576 200 | 856 L2 oo a1 L85, SRS 253
155 | .92 3% | 8% g 953 958 | .16 o3 | .83
185 L9853 iﬂo 95 . 976 1.158 | . L3 | ..912
.25 | .o 30 | .gnl 1.ch2 | 599 1.8 % L3 | .ok
«hS5 | 995 480 975 1,72 | 1.000 18 | . L33 | .57
875 S92 G S L7568 |1.000 L.7hd | .
305 | 1.000 <630 | 1.000 s 1,043 g
i . 2.1k3 |1.000

99
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Btatiom D Btation B Btation ¥ Bation 0 Hotion H Btetlon I Btation J Btation K Btation L Btation M Btation ¥
2 T | Tl 2 AR N i | B ol u | o Yr | o Y| o Jo |l = o n
ui - a-T] . | 3 M | Y i, g e | W im, | § in. | om, in, | w ik | in, uy
Bun V-35 Wlowing with conAtant v, = 0-0043 1) = 26,0 fps
x = 6.9 in. x = 16.2 dn. [x = 22,1 40, | 2 = 30.1 in. [ x = 38,8 1n, [ x = 45,9 in, z = 83.5 dn. | x = 96.4 in.
Ry = 63,000 By = 207,000 | By = 283,000 | Ry « 385,000 | Ry = 496,000 | By = 600,000 By = 1,070,000|By = 1,230,000
.01% | 0.369 0.013 | 0.340 | 0.013 | 0.539 | 0.003 | 0,238 | 0,003 | 0.275 | 0.015 | 0.355 0.015 | 0.210 | 0.015 |o.2%4
08| .ot LL7 | WBE | LT W37R| .07 L3133 .07 | W330| 017 B3 o021 | .27l J0RL| .207
OBL ) AT OBR) JES ) LOBR ). WAED| L0BL| WSRO L0EL | JD9| 022 380 OEL | W32L | L0BL] WS
086 | .58t JL52| JM76| 027 MR .027| .393) .0m7 | bOO| 032 E% LOu6 | L% 6| L399
036 | 617 k2| 5% | .o37| 00| 0% j;g . H30 | W07 | A8 O o71| kb3
O LA Lo6e | s87 | ok | WmB5| 04 WSOk | Jkea | Lom2| 510 L1 | W70 | J311] LbBS
.o:-g 77& 082 gsz;r % ?‘g .g 508 g 103, | o7 ;g’ro 2181 | .H1k g 557
Q76| . da| . . g . i 550 | Js7] . JSa| o, . 19
006 ﬁ Jdb2 | Weel 167 | 680 19| 597 | W13k | J5TO( WRL7| &6 501 5.73 M0 616
el e il i A A e e R R R v B
6[ 0% e @1 | o | szl hel er| G | e “foo Lo | i |1l g
LBT6| 953 J12 | ook | 617 | Woh | o9 . a . 797 | .03 1501 | .B76 | 161,
36| .91 h62 | ST 17| 979 JEB| WBET|. . 062 | JohT( 902 | L0l | .910 | 1.1 878
A6 | .993 62| .98z | .87 996 g 930 .m 898 | 1.097 | S0 1,901 { .94 [ 1.061| .918
6 | 1,000 2] o9k W97 | 988 . o5 0P8 | L3 | L9656 2.101| .9 e.on | 550
.62 | .998 [1.117 |1.000| .09 | 982} .9o% | 956 |1.397| .986 " 2,501 [ .5 2.461] .78
962 | 1.000 1,000 | 9%k |1.00k | 975 |1.50T ] .90k 2,501 { .996 | B TLL| 991
L109 | .599 | Lagh | . L7197 999 2,701 | 1.000 | B.961) 997
1,509 | 1,000 [ 1.5k | .995 | 2.097 | 1.000 3.211 h 000
194 | 999
L.75k |1,
Bun V-h; Blowing with conetmat v, = 0.133 W) = 25.9 fps
x = 3.6 in. 9 in. x = 16,2 1n, x = 30.1 in. x = 46.9 in, x = 83.5 in.
By = 46,000 ;000 Ry = 205,000 Ry = 385,000 B, = 598,000 = 1,060,000
0.013 | 0.h21 0.293 0.015 | 0.233 0.013 | 0.130 0.013 | 0.182 0.015 | 0.100
WGlH | hE8 368 olp | .26 020,189 022 .72 013 | L1335
025 | JmoLl ([ .026| .hhkl 027 | 330 O30 | B9 p32 | 213 ﬁ WL7h
028 | .oe8 | .omu| .mo2 037 Oh5 | 313 o7 | .28 . 215
L0308 | 07| JOkk | S62 082 | Jhe2 SO | 3T o072 | %06 080 | .g70
L8| 6m | Losk| J600 72 | e J10 | L 1 3351 w109 | 308
W.083 | 62| 09| B0 02 |07 170 l;zg AT A6 | 381
o053 L L0k LE9T k7| 86 270 . g HTL 269 | Aoh
031 91 a7L . .6, S701 .65 . B)) -9 | hé2
A3 | B8 | L% .;ns D67 | LB A0 3& e | 603 .§_e_9 .53
OE3G W07 155 L817 STy TR SHO | WTRD B2 WGTo R .;ac’é
163 | Woh5 [ L20| LOTh M7 . 805 G322 | e L1719 | .
L85 | .969 | .3k | 928 et | L -887 . 107 1132 | . L | ok
205 | 586 Jhen ggg BT | 9 b . 9% 1.332 1779 .&B&
225 | .99k | ok . ST | 968 Ligo | . 1.5%2 | 951 2.019 | .B43
275 | L.000 | .88k | .093 71 980 130 | 592 1.2 . 2379 &95
.66 | 1.000 -GhT | 1,000 1.550 | 997 1932 | . 2,679 | Sl
1.70 [1.000 2.152 2,979 | 976
2,532 |1.000 3.279 | 996
A.370 11000

goe¢ ML VOVN
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Station C Btation D Btstica B fation ¥ Btatica G Station E Station I ftation J Station K
B T, u b2 u L2 2 ¥ Y Y n, ¥ L ¥ u ' 1 a,
uy in. oy in. | W in, | ™y in. LTy in. | Ty in, | o1 in, | W, in. | Wy bl
Rm 7-5 {B-8); blodng with coostent Fg = 1.2; w3 = 19.€ fp=
= §,6 in. x = pp,1 in, x = h6.5 In. x = 03,1 in.
= 63,100 By = 217,200 By = 000 By = 803,000
0.015 | 0,263 0.013 | 0.25% 0.013 | 0.2205 0.013 o.nwz
0035 | 300 .o2h | 3BT .23 . 008 ) .ok
033 | 500 oo | ok B3| 3 8 | 330
.03 | 578 o9 AR e | .088 |, 15
os8 | 633 Aol k8 LO08| ah L48 | T2
005 | .23 209 | 635 38| 1L 208 | SIS
135 ;6}? 08 | L5 W88 | 46 .288 | 550
2081 . S0 m 288 E =308 | 560
08 s oo JBE saal ek 558 | 615
| 96 n | 888 i85| e 3| em
.608 | 1.000 g SHa 63681 735 .688 | .658
.808 | 1.000 - 570 T8 . 1.18 | .767
1.000 | . 938 | O3 1508 | 835
1.209 | 1.000 1.006 | 658 L) W&
1.238 2,030 | .ok&
1.588 | .963 2,380 | 977
L9381 .91 2,638 | .99
1.658 | 1.000 2.988 |1L.000
1.808 | 1.000 5.288 |L.000
Run V65 blowing with constant vp = 0.26; w) = 26.3 fpe
=3.51n. |x=694%a. |z=1.24n |x=1501n 1x=2211s, ;z=3,11n, x = k6.0 in,
T Fx = 69,000 | By = 145,000 |Ry = 210,000 | By = 286,000 {By = 389,000 Ry = 607,000
0.3 | 0.385 | 0.13 [0.208 | 0.013 {0.211 |0.018 in.) 0.015 { P66 | 0,003 {; ) 0.013 | (a
o8| 9| .8 | .| o7 | .26 | o9 | la) | coi9 | app| om0 (e | a6 | (s
0o | MOT| 020 | 295 022 | 237 | .09 ﬁ.;'fg g‘f Jga | 050 | D.005 5B (A
L] 05 ) 036 | J5Lo| .o32 | .e7h | LOMM | . K asz b3 | 097 43 0.
STl o5 | hos] L0k ;%g 068 | 151 | .06 070 0BG o 107
STT| OTL| TS| 0TR 09 | W27h | W09 | J307 | W10 '-gﬂ <105 | 139
12| 006 933l 2| Al ke | 13| 16k | 37| 10| M3 153 | 19
00| 658 26| 589 62| 519 | 208 i’r& 20h [ M2 | Jemsf 312 .298 | 2%
A | 712 .166 | JELS | .222 | 579 | 299 53 | A1k | g9 | w5 | .36L 598 | L2687
«25h g’g L21L ] Lol W22 s | L3 | Sh0 | 96k | . 508 | L4368 455 4 305
194 % 1| B | ke | .y | 509 ] JToe| . 62| 908 | .61 . bl
g K S8L | 80| 1| W& | L6909 | JTTE|L.OLE | . 1105 Es 1.053 | .529
She i JAdn |, 5% | B89 g 855 | 1154 | 905 |1.305 | 417 1305 | 602
.20 | 967 486 .9; Sor | W96 . 35 1.3k | 925 | 1507 % 199 | .
2h | 883 | Lo6L e | .96z | 999 | J9AS Lask | . 1705 | . 1.805 | .
S| W95, B[ R LET | 0L [1.057 | «5TT (361 | 4555 1505 552 e.055 1 222
I | 999 M| 998 .02 ] .996 |1.199 | .992 | 1.76% |1.000 |2,109) 996 2,305 | ok
399 |1.000 | .786 |1.000] .967 |1.000 |1.209 | .908 2.5%05 | 1.000 e.gg 983
1.399 {1l.000 2, S84
3.055 | 996
2505 | G0
5.553 |L.000

Sppproximately saro.
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TAELE IV.~ VELOCT® FROFILE NEAUNEENTY - Continoed

Station ¢ Btation D Btation E Btation ¥ Stakion ¢ Btation E Btation T Btation I Btation X Sation L Biation M Station N
e jw fa (8 | R |2 2 lald il algiplernielpla et
" Ren V-7y suvtion with oooetant v, = -0.26; 0y = 29.8 fpe
x=36In. |xm6.594n [x=11.24n. [xmn16.24n [xmee.lin, [z« 30,1 dn.
By = 16,000 | By = 85,000 [ By = 342,000 | B, » 206,000 | B, = 280,000] B, = 302,000
0,013 (0,903 | 0.013 | 0.75% | 0.013 | 0.693 | 0.015] 6.910 | 0.013 | 0.829 | 0,003 | 0.8m9
L0105 | .Gh3 gg . g% .gﬂ 92 '019 g:g 2016 . . 92
| | e o o0 % ‘oa| 60| ok | 7l o ste
g 999 | .05k | .087| .03ofr.cco| 36| 99| .39 990 .38 596
.059 1,000 | Joh% g!;g .oh2] L.000| .os0| .998| .03 1.000
gﬁ . »065 | 1.000
o7k | 1.000
Bun V.8; sagtion vith oonstant v, = -0.15) w3 = £9.7 fpe
xe3.6in. |x=691n. |x =13 1in. [z =162 dn, |x =221 tn. [x = 50.1 1n, [ x = 58,8 in, | x = 46,9 in. x = T0.8 in,
By = 16,000 | By = 87,000 | By = 152,000 | Ry = 205,000 | Ry = 279,000 | By = 380,000 | B, = k50,000 | B_ = 503,000 B, = Box ood
0,013 | 0.762 | 0.Q15 | 0.5k | 0.013 | 0.651 | 0,013 | 0.728 | 0,015 | 0.607 | 0.012 | 0.6 | 0.013 | 0,636 [ 0.013 0.573 0.013 | 0.666
<019 | . 019 | 662 .0lp g 019 V} 015 | G50 .01 gg 09| W11 | 09| .69 019 ﬁ
.0 | 911 Joe2| J7eL| 022 . Wceef . S22 | 73| Lo22| . 022 | .| L] 739 oee|
.05 | 938 % gz % 062 | .0o7| 899 | .0mm E’E 21| WBus] .oy E .00 m 08T | .
o050 )] 95| . - . B0 Loxe| Wo%e| B o5z | 6883 .0%e| . o50| . WJ080 | .BT2
O | 98| 031 | BT L0 W92 | Jok2| (966 LOFB % Ohe | w9z | o7 | 2| 0B8] SRS 055 | 908
JOhS 2| .036| 01| . Ol | uome| 9B . o2 | Su6| Lok .. % B84 .00 | 529
055 | 998 Jok| 931] . 972 | .062] .993| .ok3| .op0 gm0l .ol Lo12l _pénl onx 0500 Jmm
055 [2.000 | .O5L]| . 061 | 980 .orr| .997| .ohB| .Bse| oo | Sle| .ok | .ok| o8| .5Mm 080 | 98B
086 | -09L .052) L.000| .0m0 g W17 993 | W00k £ TR .076 | .980
002 999 .131|L.000 o . 2197|1000 L9 . W88 991 101 | ,986
17 | 2.000 : JA03 | .599 JA00 | 992 | Lo .997 [FLI Y I
153 | 1.000 w03l sl mom b oo a8 008
29 | .999 .22, | 1.000
279 | 1,000
Rm ¥9; suction vo « 1/¥5 € = 5.0) uy = 25,7 fps
=36 x<65dn [x =120 [Xx @ i5.2 dn. |x = %81 Ine [x = 30,1 g [x = 36.6 in. |x = 6.9 1n. x = T0.8 in.| x = 85,5 dn. | x = G6.h in.
By = 7,000 = $1,000 |By = 147,000 [Ry = £13,000 [B, = 290,000 | By = 395,000 | Ry = %10,000 |By = £15,000 Bx = 930,000 B, = 1,100,000 R = 1,270,000
0.013 |0.94k | 0,003 |0.728 | 0,013 | 0. 0.q13 | 0. 0.013 [0,630 | 0.015 | 0.%%8 |0.013 |o. 0.015 | 0,610 0. O. 0.003 | 0 0.003 | 0.
‘s o | et | o0 | *ug s oot | B | oo |80 [0 | b §a' ot | e b | %) o Pl [z |0
L9 | 4 00 . 019 | 72 019 861 .o09 | .7e9 | .o29 3 O3 J015 ) 6T oel| A9 .qu9 | 562 g.g .:6;91
023 [ 998 | 025 | L5 ) .oe7 | .90 | .0m5| 518 008 | . .005 | G2 | .0%0 E »030 E:g G20 | .f1| .ot ge &;g 664
023 (1000 | 030 | o6 | .032( .95 | .030| .48 ( .cB | B8 | .50 | .78 | o0 | . K R 036 | 21| OB . . 700
057 | 981 | .07 .980 | .037| W76 .85 | Be2| 023 | @ | .opo | BeR| 00| BB 06 | Lmes| Lou5] 728 | om | 732
R FF | AR S5 JORS| S5 | 0RO | 4530 | JOWO | JERL| .06% | B8 .065 | .E58 ,061 gg 060 | 768 | .oBa gg
098 2000 | . 9% | L0585 % 2050 ;-&m 2050 ] .B67| 080 ) 910 [ 050 | .90 ot | . 089 EE A0 .
062 | 998 005 . 060 | . 060 | 900 | .00 | 938 | .1%0 | .926 Jge | O] Jamm | 180 | .85
WO | .99 | .080 | 1.000 g'arg oo | 0| 920 J12m | 960 | 190 | .96k 82 | LOok| 183 | O3 | .60} JBBe
052 | 1.000 <080 | .996 | .100 | .962 | .60 | .977 | .es0| 986 250 | 928 g 916 Etgg 918
Y150 | L990 | kO | .998 | kOO | .090 ﬁﬁ gg 480 gﬁ 580 g'g
2190 | 997 | 280 [1.co0 | %00 | 1.000 9% | 298| 380 | .992 | .680 | .5
£50 | 999 6982 |1.000]| .80 | .599 m 598
B .35 |1.000 2780 11.000 | .0080 [1.000

gCS¢ MI VOVN
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Statlon C Btntiun‘ b Biation B Statlm F Btation @ Btatdon I Btation T Btation T Btation K Stetion L Btation K
¥ n ¥ u ¥s an ¥ LS ) u ¥ u ¥s a Y a ¥ n ¥ L ¥ s
in g in 0 in. | ; in. | in Uy, in n . | oy in., | W in., | B in. | 1y i, | m
Fon ¥-10; suctiony vo = 1/VG G = 3.0; uy = 23.9 fpa
x=368in. |x=691in |x=1124n.{x=16.21n. |x = 22.1 10.| x = 30.1 1in. x = }5.9 in, x = 83.5 1n.
By = 46,000 = 68,000 By = 142,000 Ry =" 205,000 By = 230:.000 Ry = 383,000 Ry = 598,000 By = 1,06k,000
0.013 | 0.867 | 0.013 | 0.5%9 } 0,013 | O, 0.003 | 0.628 | .013 | 0.579| 0.013 | 0.518 0.013 | 0.48h 0 0.h07
o6 gl el A3E: mEl ol mél 68 mEl foxl gl =g o8 == QL] he=x
09 | 9% .09 E99] 05| 191 L .01 | .657| 029 .62L ag| .sm .hg3
. ST .0e2| TR | L0k ﬁ 002 go . -Tol] ock | .68 .02 | 6350 g 21
.030 | .950| .oes g: 030 | By0| .0e7]{ .B5%| .032 Eg 0% TRt o030 | .67 o3| 609
. L.000| .0%30)] . LOn0 | 93| 32| .or7| .00 . 00| 778 oo] .719 .s0| .662
0351 90| 050 . 37| 910 | .050| 861 .050| .Bl2 STST o] W7o2
o5 9| o) w92 .o L] Lo c.9%0( W08 BT Jde0 | L8% Jdko| .TE2
053| 980 .80l .998| .om0| 9953| .05 | 959 .a0| 508 180 8% -200| 799
OES 1 9931 U090 11000 090 W999 . 100 JOTRD LR 55 .30 52 3007 LB
o3| 8| dioliioo0] Jieo| leb7| 80| 9 300 | ook Joo| 88
. 1.000 b0 | .993| .20 .ggi 500 gg L300 921
10| .996| W260] . 00| . L600| LG40
180 L300 | .99 .600 | 1.000 Lq00| 9T
230 | 1.000| F0|21.000 .Boo] .986
A9001 593
L.000] .
1,100 { 1.000
Run V-11; suction with constent v, = ~0.052; w3 = 35.9 fps
x=3&1dn, |z =69 1n. |x=11.2 0. lx =16.2 4n. |x = 22,1 1n.| x = 30,1 1n. x = 6.9 in, x » 83,5 1in,
Ry = 46,000 | Ry = 88,000 | R, = 142,000 | By = 206,000 | Ry = 280,000| B, = 583,000 Ry = 598,000 B w 1,08:,000
0.0335 [ 0.583 | 0,015 | 0434 | 0.015 | 0.455 | 0.013 | 0.520 | 0.Q13 | 0.%6L | D.013 | 0476 0.013 | 0.562 0.013 | 0.435
J016 | 686 .0 451 006 01| L0160 . Q016 | . . 529 .018 | 578 018 502
000 [ .03 019 A93 )| .c2l) 582 Laig ;g% 021, @ 09| 5T £ | 628 028} .58
OEE | JTED| OB | 505 LUE6 | NG| 02| O3 27| w2 0@ | .Gi6 G35 | 002 .| GO
025 gg og b6k | o051 | .t02| .029 é; .03 e8| .00 | 659 .08 | .7e2 .088 | .83
080 | . . 9] . gg O3 5 Ok Zgg o | e O o 8 gg
SO | 502 .gﬁ 9L oMl . Ok | e | 000 . 050 | .T50 JA13 | .79 -1, I
L0 | bR |, B4l .0%0 | .Bro| .o56| 831 | .085 | Bk| .065] .TT9 2173 | .838 298| 872
063 | .997| 097 .928| .or0| .95k | . G931 60| .935| 130 B S| 939 .98 | .972
J050 | 1,000 | .08%| . 080 | 9| 01| 57| 20| 99| .00 920 &73 | 972 990 | 992
Op| 98| .90 | 85| .16 978 | .260| .987| .20 M6 573 | 991 1.198 | .9%9
L0 | A0 W95 JIBL| WSER ] W10 WDPB| . 00 B2 | 99T 1,750 | 1.000
.099 99é Ji0 | L9908 i'gs 991 | .360 | 1.000 m 1.000 <175 | 1.000
2119 | Loco| .150 {1.000| .2%6| .998
; 286 | L.000

oL
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TABIE IV.- VELOCTYY PROFILE MEASUREMENTS - Contimed

gtation C Btation D Station B Station F Statlon G Station H Btation I Btation J Gtetion K Station L Btation M Btation K
Y B 2] . ¥ A Y S ¥, Ay s A ¥ u, ¥ ._'I.l._ Y RS Y. n ¥ B k£ B
in. n in. 1, in, o in, 3 in. w in. ay in. L in. 1 in. g, in. oy in, oy in, )
Bun 1125 suetion with constamt @ = -1.25 uy = 19.8 fpe
x = 6.1 1n. |x = 10.8 in. x = 2L} in. .| x = 38,1 in. x = 58,5 1in. x = 83.3 in.
By = 58,800 |Ry = 100,000 By = 214,600 R, = 371,800 By = 570,100 Ry = 810,000
0.016 | 0.36% | 0.016 | 0.267 0.016 | 0.189 0.015 | 0.433 0.016 | 0.473 0.016 | 0,793
&o Ais3 | 019 .237 020 % g .;22 .020 a; 020 .hﬁ
.0p8 % 027 | 481 030 303 0350 | 613 .030| .669 00 | 8
.032] .688| .o51| 535 035 | WL 080 | .67 035 LTO9 J035 | .ok
0% W77 W03 | WL LOB0 | W30 050 | LTA6 OS5 | JThO o5 | W76
.OhO g .00 g 0] L .70 gi .060 g .060 go
LOh5 ) 828 | .oh5 | 697 0650 | 78 090 | .Bo .080| . .080 17
050 B0 WH2| T2 . 050 J30 | W8T L0 .85 A0 38
095 .901| .060| .B16 % .T08 70 | B2 Jso| .888 160 | .O7h
.060 | .919 g o712 090 | .63 250 | J52h 200 .512 230 | 506
gg 956 | . 912 Jdoo| . 300 | 956 2300 | JGh% .300 | .931
. 976 | 090 | .43 A0 . 100 | 583 oo | L9868 .00 | .9m0
00| 4996 | .100| .958 Jde0| .883 500 | 596 500|979 2500 | 96T
120 | 1,000 | .120 % 0| 9 600 | 1,000 .00 | .996 JT00 | .986
160 | 1.000 A8 97 1.100 | 1.000
260 | .996
300 | 1.000
Fuon B-3%; suction vith constant @ = -3.5; wy = 20.2 ips
x = 10.7 in. x = 58.4 1n.
By = 102,300 Ry = 181,500
0,016 | 0.577 0,016 | 0.387
09| 645 020 | 43
g 700 8§50 g:r.g
0 | e : (035 | .25
05| .86 oo | .660
080 | 891 050 | .TR8
% gg -080 | .87
» . LU0 » OB
+060 g’g{ .oéo BAT
%g . 100 | 520
. 906 J20 | W97
300 | 3.00G JA0 1 078
.£50 | 1.000

HOT

goce NIL VDWN
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TABLE IV.- VELOCITY PROFITE MEASIREMENTH - Connluded

Station C Bigtion D Statdicn E Btation ¥ Btation G Btatiom H Station I Station J Btetion X Btatlon L Btaticm M

| o n |z 2 S t 7 S » |2 Yy a ‘7 B » | .| n » |z ¥ |
o | W g [ W | 9 [ dne | B | de | W [y | 8 | i, | W | dne [T | ime | W [t | T | | By

Run E-17a; blowing with comstant vg = 0.0k; g = 20.0 fps

x=6.1lin. |x =10.7 in. 1 = 2.5 in, x = 38.1 in, x = %58.h in. x = 83.3 in.
R, = 39,200 Ex-lmlam Rx"216, Lnx_"sﬁxém By = 572,300 Ry = 813,200
0.016 | 0.20% | 0.c16 0.32 0.016 | 0.316 | 0.016 | 0.235 0.5 | 0.200 | 0.015 | 0,156
03 | .2k0| .09 . 019 [ 348 019 | .268 019 | J2h0 .019 | .180
.025 _; oz; .518 008 .Jltu 2B ; .06 | 519 Ogl; -2';2
029 5£ 0 a 035 7 O] . BL] . .0 .3
. . . . . R b3 | 46 038 . . .
aa | | el e | e ‘| ko b | e 106 | i
050 | A83| .080) .72 -0Bo §_06 080 .529 065 | 570 ,080 | .A87
OB . L0 | GTT2 10| JOR5 J1I0) .50h 0855 | W50T 10 [ 583
"o | G| el lAi ‘10| 6 0| Theo hB ]| 0 ‘150 | 568
.100 g’r 200 | 869 a0 | .1Er 200 | .631 166 | TR .200 | .592
A0 | 8170 G250 .90l +270 m L2710 LT3 L56 | 613 270 | 622
Ao | %96 L520 | LGk S0 . S| 125 336 | 6% 370 | 656
Jd60( 95| oo | .982 470 | 901 2500 789 486 | 713 500 | .698
80| . 500 | 998 570 538 650 | 51 685 gr 00 | 781
200 | .990| .600|1.000 L0 973 Boo| .90 886 | .Bs2 .500 | .808
225 | . STo | 9% 950 9P 1.086 | .905 1L.150 | .05
.250 | 1.000 .B70 | 1.000 1.100| .985 1.p86 ﬁ 1.400 | 50T
1m0 .996 1486 | . 1.650 |,..9%%
1.500 | 1.000 1.686 | .996 1,900 || 986
. ] N , 1.886.| 1.000 | £2.150 | X.poo;

B B-2%; suctdon vith constazt v, = ~0.12; u1 = 29.6 fps

x = 46,2 in.

Ry = 151,800

0.016 | 0.648

= Iﬁ’

o 503

R LY -

.065 | .988

085 | .996

105 {1.000

1r
L]

gl
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TABLE V.~ TABULATION (F EMPIRICAL FYRICTTON-FACTOR EQIATIONS DERTVED FAROM HOMENTUM INTEGRALS AMD

ARAT- TRANGF -G ORFF UGN EQATUNS DEEIVAD FOOM ENIHALLL IFIRORALS

QO2¢ NI VOWVN

Friction-Tactor n Heeb-iranafsr equa- R
= 3 i h -
Pass tr:.::nrn' Hedr. ﬂ'ﬂ; Bun uy, fpe or o equation £/2 = 3/(Bx) on hfngpy 1/(Rx
i . n ) n
None Taminar E-1 kb a 0.9 0.51
Nons Turbulent V-1 .8 0 0.012 0.12
Nors Sottmlent V-2 =8.7 o' Ok o0
Dlowing Turtmiant B-17a 20,0 0,0k 0,072 0.3, 0.007 0,16
Dlowing Turbulent -3 26.0 ;' 02h 20
Blocing Mok sk h 5.0 1 a7 =0
Blowing Surtnlent v-6 26.3 26 5.2 .T9
Hoging ] V-5 19.6 dg = 1.2 0.012 0.20 0.013 0.20
(x-8) .
fontion Taminar BB 5.8 0.0k 0.0%6 0,18
Bootion Leminar v-11 25.9 -.052 0,095 0.23
Boctiom Wrrulent v-11 £5.9 -8 0032 0
Soetion Leminar V-8 25.7 -3 015 .08
Suotion Parinilenh 0 .7 ~.13 Nis,' 0
Soction Lemdnar T =.8 - 020 oT
Saction Tawinar 1 4.8 ¢y = -2 0.26 0.37
Soction Tawtnar B2 19.8 2 =12 0.48 0.h6 -} Ji2
fuction Arbulent 12 19.8 - 1,02 000TS T 0005, -15
Enotion taminar 511 e0,2 i A3 43 TLT 31
Buction Leminer v-10 2.9 dp =45 L1l AT
Buction Parilenh V=10 2.9 Yo w LiVX W51 35
Buotion Lasinar -9 26,7 dr = -1.6 2.1 A9
Beotlon Furbulent -9 6.7 Yo « L/IX 1.5 b

10 mm K-12 suction Alstriouticn in trbulant region was sdjusted to give ¥, = 1/x02, However, the flovw tlrough compertaent G was inadvertenmtly left off, 80
maults dnmstresm of this compartsent ara affected hy tha iwterrupted suction distribution.

el




NACA TN 3208

TABLE VI.-~ SUMMARY QF MEASUREMENTS OF HEAT TRANSFER COEFFICIERTS
AND TEMPERATURE PROFILES

Axial . .
) Injected | Axiel mass tremsfer v, (local)
U1, 08 | MIST | T riutg dtstribution ¥, in. Ry © eps | &s 1n.
bk o} None Ko trsnsfer
Range of direct 3t 7,270 (o]
measurenents 97.0 210,000
Measurements 6.5 14,220 0.048
of profiles 21..8 48,930 .09k
384 83,600 .120
416.5 104,100 127
T0.4 152,800 55
96.0 210,000 .209
16.2 0 Fone Ko tramsfer
Range of direct 3.4 26,400 o
measurements 111.9 868,000
Measurements 6.5 51,700
of profiles 21.8 177,700
38.h 303,500
46.5 378,200
T0.4 553,100
96.0 y
27.0 o] Kone Ko tracasfer
Renge of direct 10.8 ms,200| o0
messurements 97.0 1,300,500
58.8 o] None No ‘transfer
Range of direct 3.4 97,100 0
measurements 97.0 2,802,000
L.6 0 AMr Bloving'wi'bh con~
stant @z = 0.63
Range of direct 1.2 2,700 0230
measurements 111..9 251,000 .0089
Measurements 6.5 h,720 .0097 05
of profiles 21.8 50,650 .0070
46.5 107,800 .00k
70.4 158,200 .0097
96.0 217,400 .0091
17.6 0 Alx Blowing with con-
stant @g = 0.63
Range of direct 3.4 29,300 .0267
measurements 1.9 97h ,000 .0252
Measurement 46.5 - %19,000 .0298
of profile
60.T o} AMr Blowing with con-
stant @g = 0.60
Renge of direct 6.6 199,000 112
measurements 97.1 2,924,000 0666
19.6 Q Alr Blowing with con-
stant @y = 1.2
Range of direct 6.6 63,100 .092%
measurements 111.9 1,076,000 .0550
Maasurements 6.5 - 462,000 .0639 -5
of profiles 83.1 - 803,000 57T Loh




NACA T™N 3208

TABLE VI.- SUMMARY OF MEASUREMENTS OF HEAT TRANSFER COEFFICIENTS

AND TEMPERATURE PROFILES - Continued

>

R |u, oos e R e LI A
B-9 60.9 Ay Blowing with con-
stant ¢y = 1.2
Range of direct 324,000 0.2040
measurements 2,109,000 L1393
8510 5.30 Alr Blowing with
Vo = 1/V% ¢g = 1.2;
in laminar region
Range of direct T,200 .0302
measurements 289,000 -00hT
Measurements 15,600 .0207 0.046
of profiles 26,500 .0159 .063
H-11 4.8 Alr Suction with con-
stent @y = -1.2
Renge of direct 2.8 6,600 -.272
measurements 1.7 263,400 -.0047
Measurements 6.0 14,200 -.205 .025
of profiles 21 51,800 -.107 057
k6.1 112,600 ~-.0073 126
83.2 195,200 =-.0055
B-12 19.8 Alr Suction with con-
stant @ = -1.2
Renge of direct 2.8 27,200 -.0587
measurements 82.8 810,000 -.0550
Measurements . 6.1 58,800 -.0h01 .0080
of profiles 10.7 100,000 | -.0307 011k
21.5 214,600 o .019
38.1 371,800 -.0561 .028
58.4 570,100 -.0591 .027
83.3 810.000 -.0550 .028
HE-13]| 60.5 AMr Suction with
Vo & 1/vY%;
fg = -1.2; in
laminar region
Renge of direct 2.8 82,600 - 1047
measurements 111.6 | 3,315,000 -.0168
BE-14 ] 20.2 Ar Suction with con-
stant @g = -3.5
Range of direct 2.8 27,800 - 1717
measurements 111.6 |{1,115,000 -.0285
Measurements 10.T 102,300 -.0914 011
of profiles 58.4 581,300 -.0393 .015
B-15| 59.7 Alr Suction with
Vo = 1/¥X;
¢§ = -3.6; In )
laminar region
Range of direct 2.8 81,800 -.3092
measurements 111.6 { 3,284,000 -.0487

8Uniform wall temperature.
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TABLE VI.~ SUMMARY OF MEASUREMENTS OF HEAT TRARSFER COEFFICIENTS
AND TEMPERATURE PROFILES - Continued

Axial
Injected fxial mass transfer vo (local)
Run | up fps | Baler 4 Celuig algtribution x, in. Bx S
bE.16a 5.0 0 Alx Blowing with con-
stant v, = 0.01
Renge of direct 2.8 6,730 0.010%
measurements 82.9 200,700 .0099
bH-lTa 20.0 o] Alr Blowing with con~-
stant v, = 0.04
Range of direct 2.8 7,300 0395
measurements 111767 1,095,000 .0l02
Messurements 6.1 59,100 L0406 0.013
of profiles 10.7 100,800 0369 .050
21.5 216,200 .0393 102
38.1 373,600 .0395 .170
58.4 572,300 .0388 ?k
83.3 813,200 0354 349
8E.17b 18.8 0 Mr Blowing with con-
stant vy = 0.04
Renge of direct 2.8 25,600 0392
meagurements 1311.6 1,029,000 0359
bE-18a 59.8 0 Alr Blowing with con-
stent vg = 0.0k
Renge of direct 6.1 179,300 .05
measurements 111.6 3,291,000 039
bp19a 19.9 0 Frey Blowing with con-
stant v, = 0.12
Range of direct 10.3 100,500 .1198
meagurements 111.6 1,090,500 1190
&H-19b 19.8 0 Mr Blowing with con-
stant v, = 0.12
Range of direct "10.3 100,200 1190
measuraments 111..6 1,087,000 L1193
Measuremernts 2.8 27,600 1257
of profiles - 10.7 100,210 1190
29.4 286,600 1189
83.3 807,600 .1188
bE-20a 60.7 0 Mr Blowing with con-
stant v, = 0.12
Renge of direct 2.8 & ,k00 +1200
measurements 111.6 3,319,000 L1199
8H-20b 60.0 0 Mr Blowing with con-
steant wvg = 0.12
Range of direct 2.8 83,600 L1207
measurements im.6 3,28%,000 1202
Meesurements 26.4 865,900 1207
| of profiles 835.3 | 2,441,000 .1201
CH.21e 59.8 [s] Alr Blowing with con-
stant 9&? = 0,913
vy (mean) = c.12
Range of direct 2.8 83,900 2034
measurements 96.8 2,857,000 .1002
Measurements: 6.1 179,700 A7hE
of profiles 29.4 869:500 1269
46,2 1,408,600 1153
83.3 2,450,000 <1033

8Uniform wall temperature.
form blowing gas temperature. —
CUniform blowing ges temperature with mass transfer distribution set to glve uniform

wall temperature.
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TABLE VI.- SUMMARY OF MEASUREMENTS OF HEAT TRANSFER COEFFICIENTS
AND TEMPERATURE PROFILES - Concluded
Injected|Axial mess transfer vy (local),
Run juy, fps fluid distribution Ry fps £, in.
H-22 %.9 Alr Suction with con-~
stant Vo = -0.01
Range of direct 6,700 ~0.010%
measurements 269,600 -.0100
Measurements 14,500 -.0097 0.029
of profiles 53,000 -.0100 .062
115,200 - .118
H-23 4.8 Atlr Suction with con~
stant vg = -0.04
Range of direct 6,500 -.0394
messurements 261,700 -.0367
Messurements i,100 -.0396 .02L
of profiles 51,500 -.035h .033
195,900 =.0390 066
B-24 | 19.3 Alr Suction with con-
stant vy = -0.0%
Range of direct 26,400 -.0381
meagurements 1,062,000 -.0391
=25 | 19.6 Alr Suection with con-
stent v, = -0.12
Renge of direct 58,300 -. 1197
messurements 677,400 -.1207
Measurement 461,800 -.1205 .015
of profile
H-26 | 60.0 Alr Suction with con-
stant vy = ~0.12
Range of direct 82,400 -.1208
measurements 2,076,000 -.1197
Measurements 21 653,200 -.1205
of profiles 46 1,412,000 -.1195
PE-278 |60 o TO Mr  |Blowing with con-
stant v, = 0.12
Range of direct 2 83,900 .1200
measurements 96 3,265,000 .1206
Measurements 29 897,000 L1196 157
of profiles 83 2,756,000 .1204 .39L

bUniform blowing gas temperature.
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TABLE VII.- THECRETICAL AND DIREOTLY MEASURED HEAT TRARSFEIR COEFFICIENTS
(a} Buler mumher, 0

Theoratical values
Coupartment fo) - Bxperimental
. e R B
Run H-1l: Main elr strasm: Veloelty, b4 fps; temp a, 81° F; p ; 29.9 in. Hg; diatributfon of air
flcsring through porous wall, zero xass transfer; porcus-wall temperature distribution, constant wall
A 303 25.9 6.79 [+ 6.79 8.1
B 2,640 z(.g 2.523 ] 2'?8 L.Eo
c T, 270 23, 1. Q 1. 1.
D %,go ej.g .98 1} .98 L.g;r
E 330 23. . o . .
¥ 2030 b E 0 g .T0
] 1930 2.0 . o -3 50
1 20h0 £3.8 E? o 26 Ay
I 83,600 2,1 R3 0 &1 kY
J 104,100 .5 .36 [] 36 k9
X 127,%00 27.3 33 0 .33 AL
L, 152,800 27.7 .30 o .30 39
M ,800 2£.6 28 0 28 40
.1 210,000 27.8 R a 26 -]
o 2h2,300 2,5 . 0 -1 35
Run He2: Main sir streem: Velocity, 16.2 fps; tempersture, 54.57 Fj pressure, 30.2 in. Hg; distribution of air
flowing through porous wall, zerc maesa transfer; porous-wall temperature distribution, constant wall
A 1,100 £3.0 Jfgg [} 15.% 8.711 [+] 8,7 20.12
B 9, 22.9 . a ' 5.92 -] . 5.59
[+ 26,& 23.7 2.6 Q 2.6 [ 4] Eg 2.10
hr] 51,700 23.4 1.89 o 1.5 &b -] h.2h 2.95
B 85,100 2.1 1.7 [} 147 3.684 0 3.8 1.78
P 127,200 e .8 1.20 [ 1.20 3.5 1} 3.5 2.k0
[ gz,mo 22.9 1.02 ] 1.02 3.32 0 3.52 3.22
H ,200 23.9 .88 4] . 3.13 1} 3,13 3.07
I 303,500 .2 78 (1] .78 £.98 [*] 2,98 3.19
J 226,200 %6 Zg 0 .70 zez [ 2, 2.98
x 5100 ch.l e <] .63 2%' [ 2. 2.62
L 555,100 2.5 .58 [+] . 2. (1] 2, 2.43
M 655,900 a7 f [+ gz 2.52 0 2.52 e.zz
N gg,koo 2.1 T -] 7 2.3% 0 2.5k 2.
o 000 22,7 &3 0 A3 2.0k o 2.2 2.6
Fun E~-5: Meln air strsam Velocity, 27.0 fps; temperature, T1% F; pressure, 30.% in. Hgy distribvutioe of sir
floving through porous wall, ferc mass transfer) porcus-wall temperature distribution, constant wall .
A 1,880 25.6 16.66 o] 16.66 15.06 [} 13.06 T2.20
H s | S 337 ° 557 % 0 7:28 5
" R . . . . .
D 88,100 2hb 241 o 2,41 2.36 [ 2.56 9.80
B 145,100 20.6 1.88 o 1.88 5.76 a 5.76 5.55%
P 215,900 3.0 158 0 1.5 E.)J. 0 5.51 3.91
4 305,000 23.3 a .98 0 98 93
hid x02,800 2.1 [} .60 o ) k.50
I 31..7,500 23.6 o AT [+] AT koL
J %,000 23.1 <] k.ot -] k.27 k.50
K 790,000 22.8 [+ .10 0 410 .2
L 7,000 22.5 [ 3.96 [ 3.96 3.9
M 1,119,500 21.7 5} 3.83 <] 3.83 5.;}
X 1,300,%00 23.2 0 3.71 o 3.2 3.83
(4] 1,500,000 20,1 0. 3.8 o 3. kbt
Run B-I: Main air stream: Velocity, 58.8 fps; temp e, TI°F P ; %0.1 #n, Hg; distributicn of eir
flowing through porous wall, no mass transfer; porous-wall ture distribution, constant wall
A b, 0ko 21, .65 1} .66 a.; ] *.5 10k .80
] 35,200 (20 8.28 0 8.28 16. -] 16. .58
[ 97,100 22.3 .99 0 %.99 13.54 [ 15.; .69
D 189,800 2.0 5._5{; <] 3.57 11.85 2] 11. 17.7T
B 312,500 19.9 2. <] 2.18 . 10.73 0 10.73 1n.17
¥ 467,400 2.2 [4 9.90 ) 9.50 10.28
[ 652,800 21.7 o 9.28 0 9.8 8.57
-1 867,00 20.3 a 8.1 0 8.15 8.h0
T 1,115,000 1.8 0 8.33 a 8.33 8.53
J 1,389,000 20.8 [«] T.96 [*] 7.56 10.99
K 1,701,000 20.6 [o] 7.;3 [} T.65 1.87
L 2,039,000 m.e o T o T.39 6.99
4 2,412,000 22, [ T4 [+] Z.lb T.99
X 2,802,000 20.% [¢] 6.92 (] .92 10.h%
[ 3,252,000 16.1 [} 6.73 5} 6.75 13.50

“Explanation of synbols: Ry, Reynolds pumber of main stresa; T, and Tj, vall sod miln-stream temperature, respactively, °F; h'I.
and hy , heat trensfer coefficients for leminar and turbulent flow, respectively, with msin-streem conditions of experiment, no flow

thrcuahrwnll, Btu/(hr)(sq rt)(°F)3 by, and hy, beat treusfer fficients predicted by laminar-boundary-lsyer and f1lm theary,
Ex g 600V, - X, 600,
raspaatively, Bm/(kr)(aq £t)(°F)) @, laminer rate foctor, ey _ 5'—;'91 #gys turbulest rate faator, Mgy 2,800va0ep
he, hIL hl-: By

L
P h, exper: 11y beat coefficient, Btu/(hr)(sq £t)(OF).
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TABLE VIT.- TFHECHETICAL ARD DIRECTLY MEASURED EEAT TRARSFER COEFFICIENTS - Contimied
(e) Buler mmber, O - Contimed

'.I!nomt%c;.‘l. values
a.
Compartment hqpcr;:untd
By To-Ty By | B, ‘ By, | by I #op I by
HBun E-5: Mein air stream: Velocity, 4.6 fps; temperature, 80° F; pressnre, 30.3 in. Hg; distribution of air flowing through
porous wall, bloving with @g = 0.63 (vo « 1/y%, lewinar; v, « 1/x0-2, b.lrhu.nnt);
porous-wall temperature distribution, constant wall
A 31k v 6.55 0.62 %.00 3.19 1.3% 1.5 8.13
B 2,75 26.4 2.33 .63 1.33 2.16 68 1.52 1.22
c 75330 26.2 151 .62 .81 1.77 a9 1.22 B
D 14,720 2.6 1.0 .61 58 1.55 L0 1. o
E 24,2580 26.0 78 .61 A5 1.40 .1 1.18 S52
r 36,260 27, £ 63 36 1.30 <51 1.10 31
c] 50,6550 g.e 5h .82 23 1.21 »Z 1.0l 30
1 o | 73 Mol % | o m | | om | B 3
E 107,800 26.7 37 1.78 K::3 L.0h 63 15 -}g
E 132,000 27.0 1.00 & o .
L ,200 e71.1 97 R g b2
M 187,100 g.l. 93 & E o
N 217,k00 o3 9L . .65 &8
] 250,800 21.6 o N3 63 B
Run B~§: Mein air stream: Veloeclty, 17.6 fps; °or; e, 30.3 in. Hgj Aistribution of air flowing through
porous wall, blowing vith @g = 0.63 (Vo « 1/¥%, laninar; v, « 1/x0:2, turbulent);
porcus-wall temperature distribution: constsnt wall
A 1,220 15.08 BA2 0.62 T.T 9.25 0.90 2.71 3133
B 10,620 19.72 k.51 63 2. 6.28 &3 .93 5.
c 29,250 22.78 2.72 .63 1. E.:.u .53 k34 2.06
D 57,190 20.05 1.94 o By «30 28 3.69 537
E 94,200 20.95 1.51 1.69 .02 h.grg .63 2.93 .
¥ 140,900 20.h2 34 . 2.7, .
) 196,700 20.51 3.52 .63 2.& 2,50
i 261,500 21.51 3.32 . 2. 2,351
I 336,000 21.99 3.16 . 2.e8 2.33
J k1g,000 20.90 3.02 .63 2.17 2.12
K %13,000 21.07 2.90 E 2.09 1.
L 615,000 20.90 2.80 K 2.01 1.
M 727,000 20.68 2.;1 .63 1.9% 2.00
X &% ,000 21.53 2.65 R 1.8 1.86
] 97k ,000 20.11 2.%5 E 1.84 1.96
Run BE-T: Main sir stream: Velocity, 60.T fps; temperaturs, Tl° P; pressure, 50.5 in. Hg; distribution of air flowing through
porous wall, blowing with ¢5-0.60(v°-= Y%, leminar; v, « 1/x0-2, turtulest);
porous-wall temperaturs distribution, constant wall
A 8,200 5.5 24.96 .60 k.57 .95 0.60 18.20 125.20
B 36,700 (10} 8.38 .61 k.05 16.95 <30 sk 12,34
c 102,k00 16.6 13.87 .60 10.1% 19.30
D 159,000 19.8 12,1k .60 8.871 1.27
E 326,700 19.8 11.00 .60 8.0h 10.79
P m,zgg 21.3 10.15 60 T.h2 8.91
e 6TTs 21.k 9.51 .60 6.9% T.5L
b4 907,300 20.6 8.97 ST 6.6 T3
X 1,1%9,000 22.1 8.8 .60 6.25 T.12
J 1,454,000 20.0 8.16 .60 5.56 2.60
E 1,777,000 22.0 T.8 .60 5.73 .09
L 2,126,000 20.8 T.56 .60 5.53 5.67
M 2,51k ,000 22k T.31 .60 5.5% 6.1
4 2,92k ,000 22.8 T.10 .60 5.19 6.13
] 3,376,000 18.0 6.8 60 5.0 10.k5
Run E-8: Madn air stream: Velocity, 19.6 fps; temp , 1 P 5 30.2 in. Hgj Aistribution of air flowing through
. porous wall, blowing with fg = 1.2 (vo « 1§/, lewinar; v, « L/x0-2, tm-bulsnt.);
porous-wall temperature distribution, comstant well
A 1,330 9.2 .26 l.22 2.51 10.12 1. 3.79 53.90
B 11,700 (20) k.79 1.83 - 6.87 g .36 3.18
c 32,500 21.2 3.05 .27 45 3.63_ 65 3.99 3.45
D 63,100 g.a 2.06 2.8 .00 .92 1.19 2.56 3.22
E 104,000 5 1.61 5.39 .00 k.6 1.22 2.28 3.
F 155,500 25.9 kL 1.22 2.11 2.68
G gg,aoo 2.3 3.2.; 1.22 1.%1 1.90
B 5,700 5.1 3. 1,22 1. 1.86
I 371,000 6.4 3.46 1.23 1.75 1.81
J ,000 2.8 3.3L 1.2 1.68 158
.4 566,000 28.3 3.18 1.25 1.62 1.
L 679,000 2.6 3.07 1.23 1.%6 1.49
o 803,000 26.2 2.% 1.2h 1.50 1.97
R 932,000 1.3 2. 1.4 1.45 1.
0 107,600 2.6 2.80 1.25 1.ko0 1.

Spyplanstion of symbols: Ry, Raynolds mmber of main stresm; T, and 7T;, vall snd main-stremm texperaturs, respectively, Or; h'I.
and he,, beat transfer coefficients for lmminar end turbulent flow, respectively, with mein-stresm conditions of experiment, no Tlow
through wall, Btu/(hr)(sq £t)(°F); by, and hy, heat transfer coefficients predicted ty lsminer-boundary-layer ani film theory,
XyMgop, _ 3,600vo0cp BjHgopy 5,600vancp

respactively, Btu/(hr)(sq ££)(°F); ¢Kr.' laxdinar rate factor,

’ t rate factor, .
5 ,%m‘bulanr actor, By

b b, sxperlrentally measured heat transfer cosfficiemt, Btu/(hr)(sq £t}(°F).
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TABLE VIT.~ THECRETICAL ARD DIRECTLY MEASURED HEAT TRANSFER OOEFFICIENTS - Contlmued
{a) Buler number, 0 - Continued
Theoretical valuss
Compartment (=) lbq)eri:antul
Re -7 bay Pry By, By Pop By ¥
Bun HE-9: Main sir stresm: Velocity, 60.9 fps; temperature, 78.3° ¥; pressure, 29.9 in. Hg; distridbution of sir flowing

through porous wall, blowing with ﬁ-l-2(v°-1/ff, Leminers v,

x0.2, mum) 3

po all t distribution, comstant well
c 101,600 21,9 15.9% 1.;..3 55 1.8
ho] 197,500 20.0 12.20 1. A1 12.32
E 32,100 a.z 11.0% 1.7 =.80 .08
r 484,800 22. 10.19 1.7 5.38 .00
) 672,100 21.7 9.%5 1.7 E'?E 433
-4 900,000 21.3 9.0L 1.17 . .67
I 1,150,000 22.1 8.58 1.17 L350 Eg
I 1,kh%,000 20,1 8.19 :L.i.'a( L.31 .
K 1,762,000 20.3 7.88 1. k.23 k.52
L 2,109,000 17.8 7.60 1.12 .01 kOl
M 2,h9k ,000 17.7 T35 1. 3.90 6.06
R 2,901,000 2.7 T.15 o 5.25 k.17
1} 3,349,000 10.2 6.95 «00 9.9
Run B=10: Main eir stresm Velooity, 5.3 fps; temperature, 85° ¥; pressure, 29.T7 in. Hgp distribution of sir floving
through porous wall, blowing with @y = Ll.2 (vo « 1//x, lnlinn');
porous-wall tempersture distribution, constant wall
B 1,036 (22) %.38 1.17 0.96
¢ 7,200 21.9 1.56 L1686 38 1.17
D 15,600 22.8 1.13 1.1T7 - 5.1
E 26,500 i.} .86 J..JJ:E .19 1. 0.6 1.2h J&
¥ 40,500 .1 .70 1. .16 1. .56 1.09 .
1] 51,000 215 .59 1.19 .12 .37 51 1.05 J..ﬂ
H 76, 2.7 51 1.17 W11 1.89 46 1.01 1.
I 98,600 22.h 1.22 43 58 1.00
J 123, 22.9 1.17 40 95 R
K 151,100 2.2 .1.12 .38 9% 84
L 181,500 22.6 1.08 36 90 g
M 214,700 22,2 1.05 53 .88 o
X 250,400 22,7 .02 51 87 g
[+ 289,000 2.6 99 31 1 .
Fun B-111 Main afr stream: Velocity, k.8 fps; temperature, 8k.4° ¥; pressure, 2.7 in. g distribution of aiy flowing
through porous wall, suction vith @g = -1.2 (vo = 1/y5, lanﬂ.nu:);
porous-wall temperature distribution, constant wall
B 90 18 4.18 ~1.22 8.21 {9.11)
c 6,600 17.5 1.58 -1.10 2.97 k.
D 14,200 2 1.08 =1.21 2.1% -X
] o4,100 19.5 .83 ~1.2L 1.63 1!
r 36,900 19.k 67 -L.2l L.32 1.
] 51,800 204 26 -1.21 1.12 1.31
B 69,500 204 A% =-1.21 .96 1.24
I . 89,600 19.8 A3 -1.20 <84 .11
J 112,600 20.0 .38 =1.22 .76 1.08
K 137,300 20.9 35 =1.20 .58 93
L 165,100 20.6 32 -1.21 .63 .85
¥ 195,200 19.2 .29 -1.21 ST 1.02
x 228,200 19.9 .27 -1.20 g; 19
1] 263,400 16.8 25 -1.20 . 113
Run E-12: Mein air atresm: Velocity, 19.8 fps; bemperature, 76.5° Fj pressuie, 3¢ in. Hg; distribution of air flowlng
through porous vall, suction with @i = ~1.2 (Vo « 1/¥%, lexiner; vo « 1/20-2, furbulent )y
porous-wall tempereture distribution, constamt wall
[+] ,200 25.0 3.18 -1.18 6.21 g.ea
D ,800 310 2,17 -1.18 L.2h .90
E 100, 000 E 1.66 -1.18 3.2 3.81
* » 25.9 134 -1,18 2.63 3.18
cg 21k ,600 3.9 1.13 o] 1.13 1.93
H 2&7,330 .1 . -1.84 2.49 3.69 -0.49 4.66 2.50
I »800 23.1 .85 .38 bk 3.50 -1,08 5.72 E.dp
I ,T00 27.0 3.3% =1.17 5.6'6( B2
K 2&,100 a2 3.22 =1.17 5. E.zo
L 1600 23.8 3.10 -1.19 5.3L .63
N 810,000 26.0 3.00 =1.1T E.oa .82
X ol ,650 19.3 2.91 - R (3.08)
o 1,090,400 2.82

SExplanation of symbols: Ry, Reynolds mumber of main stream; Ty and Ty, wall and mein-stream texperature, respectively, °13 huL

and

, heat transfer coefficients for laminer end turbulent flow, respectively, with main-stream conditions of experiment, no flow

through well, Btu/(hr)(sq ££)(°F); by, and by, beat transfer coafficients predicted by laminer-boundery-lsyer theory and film theory,

respactively, Btu/(hr){sq rt}(°F); ﬁl.’ lewinar rate factor,

bh,e

R5Mjopy -
T

L
rperimen meesured beat iransfer coerficient, Biu/(hr)(sq £t)(°F).
eorifice misalined; negligible flow through compartment

32500v0b%p Py, turbulent rate factor,

YaHycp,  3,600vgn0p

by, by,
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TABLE VIT.- THECRETICAL ARD DIRECTLY MEASURED HEAT TRANSFER COEFFICIENTS - Continued
(a) Tuler mmber, O - Continmed

Theoretical values
(e. Experimental

. b
Ry To - Be, Bu, B, By Py Iy *

Run E-)5: Main eir stream: Velocity, 60.5 fps; temperature, 80° F; pressure, 29.7 in. HEg; distridution of air flowing
through porous well, suction with g = -1.2 (vo = Liy%, 1a:|imn:);

B 11,900 ° 9.9 hoh -1.19 28,90 19.55 =0.90 29.63 38.h5
c 82,600 8.7 . %5.58 -1.20 11.00 1k.39 -.k6 17.99 12.2
D 178,900 9.0 3.80 -1.29 T.69 12,57 -0 35.97 26.

E 305,600 9.3 2.91 -1.20 5.75 11.13 =31 12.9% 11.35
r k6% ,800 8.4 2.36 =1.20 R 10.2 -.28 13.72 32.51
) 654, 8.6 9.56 -2 10.81 m.léz
H 873,700 8.5 g.oe -5 10.10 10.

I 1,151,200 ] ST -2l 9.52 12,22
J 1,h35,600 3.2 8.1g -.20 9.0 1.3
.4 1,733,000 8.k T.87 -.18 8.61 10.96
L 2,081,000 8.5 T59 -.18 8.28 9.08
N 2,162,000 8.5 .33 ~.17 7.98 8.98
.| 2,872,000 8.3 .11 - 7.69 9.18
o 3,315,000 9.2 51 -.16 T.46 7.6
Run E~-1k: Main air stream: TVeloeity, 20.2 fps; temperature, Th.k° Fj pressure, 30.% in. Hg; diatribution of air flowing

through porous wall, suction with @ = -3.5 (¥ = 1/VK, laminar);
porous-vall temperature distribution, congtant wall

c 27,800 20.1 3.21 =341 12.6 18.82
o 60,100 1.6 2.18 =349 8.71 10.80
E 102,300 20.T 1.68 -3.k8 6.63 7.60
F 156,200 20.2 1.36 3.7 8.3 Te13
] 219,400 19.0 1.2k -3.55 k.62 439
-4 294,200 20.3 .99 ~3.58 h.o2 k.55
I 379,500 19.8 B =3.55 3.51 J.22
J k76,600 20.k . ~3.56 3.1 5.9
K 581,300 21.9 <70 =357 2.85 3.3
L 699, 22.0 & ~3.56 2.%9 3,28
N 826,400 21.6 59 =3, 2.39 5.58
R 966,100 21.3 S -3.5 2.21 3.87
o 1,115,200 20.7 S -3.58 2.07 3.61

Run B.1%: Main air stream: Velocity, 9.7 fps; tecpersture, 77.7° ¥; pressure, 29.8 in. Hg; distribution of air flowing
through porous wall, suction with @g = -3.6 (vo « 1/y%, :I.n-.ninar);
» wall t ure tribution, constsnt wall

c 81,800 8.0 5.53 -3.36 22.% W23 | -1 26.30 32.02
D 178,000 k.5 5.;; =3.55 15.2 12.23 -1.09 20.09 h3.48
] 302,600 9.2 2. -3.61 11.8 11.01 =95 17.03 15.7h
b2 %60,400 9.1 10.13 -85 1x.90 18.06
G 8,700 9.2 9.k6 - 13.h6 13.46
X 865,400 8.9 8.92 - 12.35 13.52
I 1,120,600 8.8 8.7 -6 11.h6 13.22
J 1,402,400 9.2 <10 -.60 10.76 12.!
.4 1,717,000 8.6 T-78 -.56 10.17 1h.Th
L 2,062,000 8.8 7.%0 -.53 9.67 12.08
M 2,h39,000 8.7 T.25 -'ﬁ S.2h 9.61
X 2,845,000 84 ‘6r.05 - 8.87 21.95
o 28k ,000 8.8 .85 ~A5 8.50 8.33
Run H-18a: Main air stream: Velocity,

%.0 fps; temperature, 93.9° P; pressure, 30.2 in. Hg; distribution of eir [loving
through porous wall, constant blowing welocity with vo = 0.0L fips

end ~wall
temperature distribution, constant blowing gas terperature

;
;

c 6,750 12.4 1.62 okl 1.1k 1.15
D 1h,570 17.0 1.10 56 .67 -59
E 2,790 18.7 b5 R AL A2
r 37,860 19.4 .5 .93 N- 1 35
@ 53,300 19.2 58 1.09 ok 1.3% 0.48 1.02 35
B TL,200 15.5 50 1.27 .08 1.24 31 95 48
I 92,200 15.4 1.18 .5k K: ] .66
J 115,400 15.9 : 1.12 56 . 63
E 141,300 15.5 1.08 59 19 g
L 169,700 16.2 1.04 61 6 R

M 200,700 16.1 1.01 .63 g .66
X 234,100 .98 .66 .

Q 270,200 9% 67 .67

&pypienation of symbols: Ry, Reynolds number of main stream; T, and Ty, H'all ol min-.streu tenperature, respactively, °F; h'L
and h".l" keat transfer coefficients for laminar ami turbulent flow, respectively, with main-stresm conditions of experiment, no flow
through wall, Btu/(hr){sq £t)(°F); by, snd by, heat transfer ficients predicted by laminar-houndery-lsyer thecr%md film theory,

K 3 HyMjc, 3 ,600v,
hif"d"N_ 2 °MP, fa,s tartulent rate factor, 4% 2:00%eP%

respectively, Bta/(hr)(sq ££){°F); 9‘51.’ laminer rate factor, Bg Beg

L L
b b, experimentally massured heat transfer coefficient, Btu/(hr)(sq £t)(°T).
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TABLE VII.- THRGBETTCAL AND DIRECTLY MEASURED HEAT TRANSFER COEFFICIENTS - Contimed
(a) Baler mumber, O - Contimed

Thearetical values
Compartment. (e Experizental
m | oem | [ [ w | v | | o :
Run H-1Ta: Main air stream: Velocity, 20.0 fpa; terperaturs, T7° F; pressure, 30.1 in. Bg; distribution of air flowving throu;h

porous wall, constant blowing velocity with r,, = 0.0k fps ond v‘,/ul = Q.002; porous-wall
temperature distribution, constant blowing gas tesgperature

c 27,500 1.9 5.20 0.73 L2 3.91 0.43 k.g 1.?a
D 59,100 10.T 2.17 1.1g Sl E.ﬁ 51 B 5]
R 100,800 6.1 1.67 1M JA7 57 Sl 350 2.90
F 133,500 &4 %.20 86 3.1 Q.P
G 216,200 6.9 3.93 6 2.81 2.65
E 288,500 Z.o 3.70 .62 2.68 2.29
I ,600 .0 3.52 T2 251 2.2%
J k67,500 8.1 3.36 .5 2.9 2.18
4 572,500 8.9 3,23 T 2.15 2.00
L ,300 RS 32 .g 2.05 1.
M 1200 9.1 3.01 o 1.9% 1.
X - 98,800 Guh 2.92 K3 1.86 l.E
Q 1,094,700 9.7 2.8 <950 LT3 L.
Run B-17b: Main 'air stream: Velocity, 16.8 fps; texp s TT° F; pr » 30.1 in. Hgy distridution of air flowing through
porous wall, constant blowing velooity with v, » 0.0k fpe and v°/u1 = 0.002; porous-wall temperature distribution, constant wall
[+ 25,600 15.9 3.10 0.81 1.36 5.62 0.4k k.sz 159
D ;P,BOO 18.0 2.11 l.22 39 .63 53 3. 3.0
B 900 16 . oSk 3.26 3.62
F 1k ,300 15.2 %.00 o8 2.9 3.05
[} 203,300 15.8 5.11» 67 2.63 2.h2
h:f 271,200 15.9 355 6 £2.51 2,29
I 381,200 16.7 538 T8 2.5 2.16
J 439,500 15.k 3.20 .g 2. .2.20
K 538,100 17.3 3.08 « 2.00 1.80
i Gi5, 'é 2.97 .83 1.% 1.%
R 17. 2. . 1. 1.
X g;.,GOO 1T.T 2.% .gg 1. 1'22
[¢] 1,029, 7.7 2.70 Gh Lo 1.
Run B-18s: Main sir streems Veloelity, 59.8 fpsj , 8 B g s 29.8 1in. distribution of sir floving through
porous vall, oonstent blowing velocity with vy = 0.0k fps and rulnl = Q. '} porous-wvall temperature
distribution, constant blowing gas temperature
c 83,740 2.8 k. 0.22 12.76 .07
D 179,280 5.6 12.. .21 1.0k 3.91
E 303,410 3.6 11.03 25 9.82 IJ&
P 161,500 3.9 10. 25 8.93 N7
[} 650,200 B 9.4 25 8.3 6.61
):4 867,%00 l;.h 2 J2 7.60 2.06
I 1,123,100 <3 &g 30 29 .90
J 1,405,600 E.a 8.12 31 1.92 8.8
K 1,720,800 T 7.80 33 6.60 6.56
L 2,066,400 E.l T.52 K4 6.32 6.13
M 2,h4%,000 2 7.27 35 6.07 I.a;
R 2,891,000 L6 2.05 .36 5.0% 36
0 3,291,000 6.2 . 3T 5,66 PR T
Run B~-19a1 Main air stresm: YVeloolity, 19.9 fps; temperature, 8a° ¥; pressure, 30.0_ipn. Hgj distridution of sir flowing through
porous vall, conmtant blowing velocity with wp = 0.12 fps and vo/uy = 0,006; porous-wall
temperature distribution, comstant blowing gas temperature
[ 27,500 16.3 .9J. 1.36 .17 2.?
D 59,400 13.6 E 1.50 2.18 k.
E 100,500 15.4 57 1.67 - LTT 2.1%
¥ 152,300 16.8 1.81 149 1.?
G 215,500 16.5 }.9} 194 1.28 1.42
E 287,500 17.1 3,71 .05 112 1.21
I ig,:.oo 17.6 3.52 2,156 .99 .93
¥ 5700 ﬂ.s 3.57 2.26 82 .92
)4 5 100 .2 3.25 2. .80 .Zﬂ
L +600 18.3 J.12 2 . .
M 810,100 18.2 3.0L 2.52 o o
X ok, 700 18.7 2.92 2.61 6L K
0 1,090,500 18.3 2.8 2,67 -6 -
Run H-1Gb: Main air stream: Velocity, 19.8 fps; 8, T9.0° F; p 5 30.0 in, Hgp distribution of air floving through
porous wall, constant blowing velocity with v, = 0.12 fps and vg/uy = O 005; porous-wall temperature distribution, constant wall
[ 27,600 20.2 5.89 1.36 2.71 2.09
D 59,200 18.2 i.o& .50 2.19 k.62
E 100,210 20.2 . L7 2.13
b 152,400 21.3 k.19 .Bo 1.k9 1.8
[ 214,800 21.0 3.91 1.93 1.28 L3k
= 286,600 21.6 3.2 2. l.12 Lol
I 1,000 2L.T Je3L a. 1.00 o
J 64,300 2.7 3.35 2.26 88 93
X 568,400 22.3 3.22 2,36 .60 Zg
L 682,%00 22, 3.1 2.4k g .
¥ 807,600 22.3 3.00 2.2 . 80
L gh1,800 22.8 £2.91 2.6 55 .61
o 1,087,100 22.5 2.83 2.69 o5 Gh

Sgyplanation of symbols: Ry, Reynolds mumber of main streem; T, end T, vall and main-stresm temperature, respactively, or; h't.
ent he_, heat tranafer coefficients for leminar and turbulent flow, respectively, with main-stresm conditions of experiment, no flow
through wall, Btuf(br){sq £t){°F); by =t by, beat transfer fficients predicted by lamipar-boundary-lsyer the: and film tbeory, -
g’d“&"ni

. 600,
e - "'L‘?:ﬁ"’“!, Py turbulent rate factor, hf:’e’ = ,—-hﬁ—"u!

P n, exper 11y heat coefficiant, Btu/(hr)(sq £t)(°F).

respectively, Btu/(hr)(sq £t)(°r); fry, leminar rate factor,
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TABLE VII.- TEEORETICAL AND DIRECTLY MBASURED HEAT TRANSFER COEFFICIENTS - Continued
(2) Buler number, ¢ - Contimed

Thecreticsl velues
a Experimental

b
w [ en ] m [ [ % [ | | » i
Bun H-20a: Hain air stream: Velocity, 60.7 fps; temparature, 82.8° F; pressure, 30.3 In. Hg; distritution of air flowing through

porous wall, constant blowing velocity with vg = 0.12 fps and vo/ul = 0.002; porous-vall temperatre
distribution, constant blowing gas teaparature

Compartment

[ &,kho 8.3 .46 0.53 10. 12,20
D 180,760 TT 12.k2 . 8. 13.89
B 52,930 10.1 11.18 .69 '6r.78 8.21
r 265,300 10.8 10.29 5 .92 6.58
[} ,600 1.1 9.60 8o 6. 6.3h
E ,700 11.2 9.06 8 5.% 6.2k
X 1,132,400 12.2 8.61 89 5.33 5.15
I 1,417,300 11.5 8.23 .93 4.99 6.15
} 4 1,75%,000 1e.7 T.91 97 .68 k.64
L 2,083,500 13.1 T.62 1.01 h.k2 k.20
M 2,465,000 12.0 T1.37 1.0k k.19 E.og
N 2,875,000 12.7 2.15 1.08 3.98 B3
o 3,318,500 5.9 K0 1.10 3.81 3.2
Run H-20b: Msin air stream: Velocity, 60.0 fps; temperature, 80.8° F; pressure, 30.3 in. Aistribution of air flowing through
porous wall, constant blowing velocity with v, = 0.12 fpe snd v,/u) = 0.002; porous-wall
temperature distribution, constant well

[ 83,550 20.7 1k.30 0.5% 10.80 12.66
D 198,960 20.6 12,29 63 8.84 .72
] 302,900 20.3 11.06 .70 7.66 8.h0
¥ 160,600 20.k 10.18 .16 6.81 Z.hg
G 649,000 20.8 9.50 8L 6.1T 51
E ,900 zo.E 8.97 .86 5.66 6.32
I 1,121,100 21, 8.52 .90 E.au 5.28
J 1,k03,100 19.7 8.14 Sh .89 6.65
.4 1,717,700 20.7 T7.82 98 k59 5.2
L . 2,063,000 21.% TS 1.02 k.3 k.

M 2,441,000 20.2 . T.29 1.0% k.12 E.oo
X , 846,000 20.6 - T-07 1.09 3.91 .68
] 3,285,000 20.8 6.87 1.12 3.73 k.02

Run HB-21a: Main air stresm: Velooity, 59.8 fps; temperature, 76.5° F; pressure, 29.8 in. Hgj distribation of air flowing through
vorous wall, bloving with @g = 0.91 (¥, « 1/x0:%; zean v, = 0.12 fps); porous-wall temperature distribution, constext blowing

gas temperature with mass transfer distribution to give 't wall tempx e
[+] 83,920 10.7 .26 0.91 B.T% 9.86
D 179,700 9.6 12.2% 91 7.51 m.ao
E 30%,100 10.5 11.03 91 6.78 6.
¥ k62,500 11.0 10.1k .91 6.23 5.79
[¢] 651,500 10.7 9.7 91 5.82 5.73
b4 869,300 04 8.95 91 5.%9 5.1:
I 1,125,500 11.0 8.k9 91 E.a k.
J 1,408,600 10.0 8.12 91 .99 5.61
X 1,724,500 11.1 T.80 9L k.9 k.08
L 2,071,000 1.2 T7.52 91 k.62 3.92
M 2,450,000 10.1 T.26 91 k.b6 k.65
x 2,857,000 10.6 T.05 91 k.33 k.10
[} 3,298,000 10.7 6.85 83 k.38 2.64
Fun B-22: Mein air stream: Velocity, k.9 fps; tempersture, 8:.4° F; pressurs, 29.T in. digtribution of air flowing through
porous wsll, constant suction velocity with vy = =0.01 fps and v, = .0.002; porous-wall
temperature distribution, constant wall
c 6,710 18.9 1.60 -0.h1 .27 3.28
D 1k,500 19.7 1.9 -.‘5’2 L.6T 2.28
B 24,700 20.3 .83 - 1.3% 1.72
T 36,700 20.k .68 - 1.19 1.%2
<] 53,000 2.3 .E’( =L.12 1.08 1.29
.4 T1,100 20.6 &9 -1.31 1.01 1.23
I 91,800 19.6 &3 -1.h8 .56 1.26
J 115,200 20.) -39 -1.6% 9L 1.15
.4 1k0,500 20.7 33 -1,85 .88 1.08
L 169,000 | 20.7 32 ~2.00 .85 1.06
¥ 199,800 0.3 .29 -2.21 83 l.22
x 23%,600 20.9 .27 -2.36 8 1.02
o K 19.1 25 -2.55 9 L.2T

epxplenation of symbols: Ry, Reynolds munber of main stresm; T and Ty, vall and main-stresn tamperature, respectively, °F; h'I.
aod , heat iransfer coefficients for laminar and turbulent flow, respectively, with msin-stresm conditions of experimant, no flow

through wall, Btu/(hr)(sq £t}(°F); by and by, beat transfer coefficlents predicted by laminar-boundary-layer ant film theory,
TyMyepy EMcpy _ 3,600vp0p

respectively, Btu/(br)(sq ££)(°F); g, lexiner rate factor, 3,600m0bcp, $z,y turbulent rate factor,

SR

b h, experimentally messured heat transfer coeffiofent, Btu/(hr}(sq £1)(°F).
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TABLE VII.~ THECHETICAL AND DIRFECTLY MWEASURED HEAT TRANEFER COXFFICIENTS - Continued
(a) Buler mmber, O - Concluded

Theoretical values

Compartment (') P w ntal
By T~ Ty Bay, By, by, L S5, by
Run E-23: Main air streams Velocity, k.8 fps; temperature, 78.5° F3 pressure, 29.9 in. Hgj distribution of air flowing through

porous wall, cohstent suction velocity with ¥, = -0.0k fii6 and v,/u) = ~0.008; porous-wall temperature distributicn, congtant wall
c 6,510 17.T 1.56 -1.61 3.38 k.78
D 14,100 16k 1.06 -2.38 3,17 k.20
E 2,000 18.2 .82 -3.10 2.97 J.ZJ
F 36,600 1T.T .66 -3.80 2.82 Ja i
[} %1,%00 ‘18, eg .06 2,91 207
i1 69,000 18. . ~%.90 2.56 2.%9
I 4100 16.8 4o ~5.64 2.5% 3.00
J 111,800 18.3 38 -6.66 2.63 2.35
K 136,400 17.5 . -_-g.m 2.5% 5.72
L ,000 17.9 31 .06 2,60 2.;;{
N 193,900 17.9 29 -8.66 2.36 2.
X 5700 17.7 25 =9.12 e.h8 2.38
[ 1,700 17.9 25 -9.49 2,40 2.60

Fun B-2i: Mein air stream: Velocity, 19.3 fpe; + ature, 77.5° F; pressure, 29.9 in. Eg; distribution of air flowing through

porous wall, constant suctiom welocity with ve = ~0.0% fps end o/“:l. = ~0.002; porous-wall tenperature distribution, constent wall
B 3,800 (25) 8.31 ~0.29 10,4 12.87
[ 26,400 .8 3. -TT E.:Lo Te3l
D 57,500 333 2. ~L.2% «10 %.29
B 97,400 26.5 1.64 -1.%0 3.6+ b2l
r 148, 800 %A 1.33 -1.85 5.5 5.3
%g 209,000 27.9 112 o 112 2.
H 200 23,7 .97 -2.57 3.03 3.61 -0.6878 E.oo 2.31
I , 100 21.; .85 2,90 2.93 3.3 -.7192 N::] J.ﬁ
J 53,500 23. 3.28 -.T552 5,68 3.
K 555,200 £2.1 5.& -.a h.zs h,03
L 666,383 ﬂ'ﬁ 3. ~.81 [ B L] 5.95
M 188, 22, 2.9% -.5035 .36 k.15
K 919,900 20.5 2.85 =873 k.27 .39
4] 1,061,800 .0 R 2.77T -.899T k.20 k.12

Run E-25: Main air stream: Velocity, 19.6 fps; temperature, T6.5° ¥; pressure, 30.5 in. Hgy distribution of air flowing through
porous wall, conxtant suction velooity with vy = =Q.12 fps and v,,/u_-,_ = «0,000; porous-wall temperatuie distribution, constant wall

a 23,900 g.s 3-% -2.42 gz;r . 1.6%
D 58,250 -] 2. =3.53 . 12.%38
E 99,100 10,1 1.66 4,63 8,37 8.32
P 151,300 8.3 L34 .68 8.10 8.1
[2) 212,600 8.1 1.13 ~6.84 8. G.gz
B 285,100 9.1 .98 j.go 7. 7.

I 367,800 8.9 86 80 T. 1e,

H k61,800 10.3 7 -10.01 Te 5.

K 563,200 8.2 .0 «11,0% 7.68 10.6%
L ETT,400 8.4 .63 ~12.14 T.70 T.88
M y 9.0 58 ~T.28 k.l (.54}

Bun B-26: Main air stresm: Veloclty, 60.0 fps; temperature, T7.2° Fj pressure, 29.9 in. Bg; distridution of air flowing through
porous wall, constant suction velocity with v, = -0.12 fps and v,/uy = -0.002; porous-wall temperature distribution, comstant wall

c 82,350 1.2 5.55 -1.39 11.80 k.30 054 18.50 12.83
b} 178,300 12.8 5.&( =1.96 9.89 12,29 - 16.36 20.23
E 303,300 10.3 2. -2.65 9.35 11.06 =69 i‘ﬁ"’ 14.10
b 163,600 9.8 10,18 -.g Sk 25.76
[} 653,200, 9. 9.50 - 13.85 15,51
H 5500 9.9 8.96 -85 13.29 25.05
I 1,128,000 G.5 8.51 - 12,78 22,33
J 1,k12,000 9.5 8.1k -9k 12,54 5.26
K 1,729,000 8.9 T1.82 «97 12,23 10.05
L 2,076,000 9.0 T.5% -1.01 11.99 9.97

Spyplanation of symbols: By Reynolds mmber of mein stresm; T, and Ty, wall al main-strean texpersture, respectively, °r; by,
and » beat transfer coefficiemts for leminer end turbulent flow, respectively, with mein-streem conditions of experiment, no flow
through wall, Bta/(hr)(sq £t)(°P); by, and hy, heat transfar coefficients predicted by laminar-boundary-leyer thecry and film theory,
HiMyops 3,600%0p¢p s¥gep; 5,600vgpcr,

ey Brg

respectively, Biu/(hr)(sq £t){°F); ﬁgy'inim.r rate factor, 5 ’E.!' turbulent rate factor,

D n, experimentally mesasured heat transfer coefficient, Btu/(hr){sq £t)(°F).
Sorifice misalined; negligible flow through compartment G.



TABLE VII.- THEORETICAL AND DIRECTLY MEASURED HEAT TRANSFER COEFFICIENTS - Concluded

(v) Fuler number, 0.02 to 0.3

"Ebcpected"
Main- . Turhulent heat e o Ratlio of
; gtream Dlsta.ncae Euler rate transfer Veasured heat measured to
Comp t veloclity, from le nurber | factor, coefficient transfer "expec‘bed."
o edge, x, in. A 8 Toand mmn coefficlent A DS A ol
Ips Tt WHT pasea on COoerLiCLenus
run H-20a

Run H-27a: Main air streem: Veloelty, 60 to TO fps; temperature, 87.4° F; pressure, 30.3 in. Hg;

distritution of alr flowing through porous wall, constant blowing velocity with v, = 0.12 fps;
' porous~-wall temperature distribution; congtant blowing gas temperature
c 60.7 2.8 | m———— 0.53 12.26 11.90 0.97
D 61.0 6.1 0.017 .62 13.98 12.26 .88
E 61.4 10.3 .022 .68 8.33 7.85 Ol
F 6L.7 15.7 031 .Th 6.7 754 1.12
G 62.1 22.1 056 .78 6.50 6.15 .85
it 62.7 29.5 057 .82 6.52 6.49 1.00
I 63.0 38.1 d12 .87 5.39 6.27 1.16
J 64 .4 W77 167 .89 6.62 7.22 1.09
K 65.3 58.4 122 .92 5.07 5.05 1.00
L 65.9 70.1 .195 .95 h.64 5.00 1.08
M 67.5 82.9 .319 .96 5.78 8.51 1.7
N 691 96.7 .290 97 5.26 6.91 1.32

f02¢ ML VOVN




TABLE VIIT.- TEMPERATURE PROFITE MEASUREMENTG

Station C Staticn D Btatdon E Btatiom G Station E Btatien I Btation J Btation E Btation L Btatian M Ststion ¥
Mol {a ey R {2 w e far | p [ || B [ | Pl
Bun H-1; no trensfer; u; = h.L fpa
x=6].iin. 2 = 21.8 1n. x = 38,4 in, |x = %6,5 4n, x = 704 1in, x = §6.0 in.
Ry = 14,200 Fx = 18,930 Ry = 83,600 |By = 10h,100 = 152,800 By = 210,000
0.018 | 0,145 0.022 | C.08T 0.007 | 0.032 | 0.017 | 0.073 0.02% | 0.04L 0.021| 0.039
025 | .13 026 | 093 0w .08 | .022| .05 020 % 032 .ok
0281 162 L051 | 101 015 | o5 | .027| .089 o N 1] gg
038 .208 Ol | .1kl o> | .070| .037| .093 JOak | L081 052 .
0u8 ] 268 0581 | LT 055 | .100( OB 121 5k | .10 062 096
058 | .33 061 | 209 L85 | W50 J057 | W29 06 | 138 L0821 .135
L0681 .38 SO7TL | W2 .055 | 1635 | .067 .180 OB | L1B0 Jd02] .17
0768 | .081 | .27h 065 | 193 g’; 210 LIoh | .pE5 Jde2 | .207
088 | AT J9L1 | 306 O | 220 . 236 1ok | L9266 Oz | Whe
.98 | .519 301 | 336 0851 .81 .o57 | 253 LR U308 JA62 ) .27
108 | 863 A1 L366 085 L2716 | .107 | .285 A6 | L3368 . 306
.18 | .603 21 | 392 05| 209 a7 | 30w A8 | LATR 2021 .338
120 L6h5 A5l | s T . TT-1 S - N .+~ 204 | hoOB 822 | 359
138 | .678 b | W43 JAs | L3822 | LabT | W36 20h | Jhkh Lo | U388
LAB [ L703 51, W4T JA65 | Jhes | 87| Who2 2 | k80 .292 I;gg
A58 | . 2161, | Lhe L8 | Jhs9 | .187 | WO 20 | 51k Sh2 | .
JA68 ) . =~ 1| Wser 205 .50L| 207 | b9 20| JshT 392 | 562
18| .B09 8L | 553 225 | 54k 207 | W99 Lok | 8TR b2 | 609
JA88 | .8%0 A9 | AT L5 5™ 267 | J5TR 7 N 492 | .653
98, .B7L .01 | .500) <265 | .61 307 | 636 %: b2 Sha | 695
218 [ .g07 291 | G2 305 63| 387 S Hb | 696 Lo | 765
28| 905 231 | .66k 325 | s | ber| S0 he | 78 692 | .Boo
2381 .98 AL | J680 345 ) el 7| 838 -5k | 793 2| B30
28| .ohe s | 608 65 661 52T | W88L 564 | 833 92| 083
-268 | .962 261 | .T16 36| 9o 17| .013 b1 | 865 B2 | .87y
288 | .om gl TR Jos | 81| 627 .91 66| 896 ) iﬂ B8
508 | 987 %L | .TS1 A | 832 677 962 a1 -1 § gha| .916
a8 | .ob7 B30 | TR Jas | g | LTRT gg g: 9% 992 933
Sh8 1 .993 321 | LB11 A 866 E . . 96 1. SORT
ﬁg 996 S | W8T L85 8831 . ) 96 | 982 1142 965
. 996 591 | L6535 505 | 898 .927| .998 1..068: | .0f9 1.2 gg
S8 | 908 i1 | .93 =5 | .92 | 1.127 | 1.000 La6k | 995 1342 .
2748 | 1.000 T 505 | 995 | L.b2T | 1,000 1364 | 996 Lh2 | .991
948 | 1.000 L . . 1.927 | 1.000 L5 | .998 L.7hk2 | 1.000
G4, | 998 g g 1.564 | 1,000 2.042 | 1.000
1.1s1 |1.000 906 | 2,164 | 1.000 2,542 | L.000
L4 |1.000 1405 | .998
1,905 | 1..000
]
] L -

goge NI VOVN




Station D Station G Station T Stetdon K Btation L Staticn M Station N
k2] g 7 p ¥ p ¥; p ¥ p ¥ ) k£ B
in. in. in, in. in. in. in.
uo transfer; vy
x = 6.5 1n. x = 21,5 in. x w38,k in. [ x X% = 0.4 in. x = $6.0 in
Ry = 51,700 = 177,700 Ry = 303,500 [Bx = 3 Ry = 553,100 Ry = T58,k00
0.020 | 0.20% 0.01950.205 0.020 10,275 | 0,020 0.020 { 0.301 0.020 | 0347
.022 | 236 .021 | .250 022 | 308 % ?iﬁ % 265
e | oo | ohe oo | 5| |
085 % o8k | 302 % 363 0861 569 g Egl;.
. . 025 | 315 . 379 R . . .
355 .31 027 | 328 028 | 398 g ﬁ 029 | .heB
L5138 000 | LT 050 1 by 080 | L3 L0311 W
05 . 031 | L3370 032 | A5 030 | L1 L0330 .
gg ﬁ?.’; 055 | 393 O3 | kD 031 | 438 035 tg
083 | Wl 057 | .08 037 (479 L2 458 L3779
088 | .ho 05T | Aoz 00| oL . 033 | b9 059 | .
B3] .5 L2 | 455 05 | 59 038 03 | JLGe bl | L5035
.058- 390 L7 | 503 050 | 519 | .080 035 .tg O3 | .s0L
063 | 637 052 | 529 055 | JSko | .oh2 037 . o8 | .me7
=(.6—B =% =Q§T eﬁlg =Q69 =% !(!5 -&_3’9 -jg '%g 'g%
o6 . 067 | 578 o701 . JOh8 N h B . .
£ .56 gg .glo %o .goo ggg 6;1'7 .g:;. ;gag L0583 .ggg
. . . 633 00| 625 . . . . . .
.088 gﬁ o7 | 649 1001 6371 .083 | .67 030 -5% gg ggg
095 | B35 17 | 708 10| 638 068 [ 620 . .5 Q093 | .
g5 | Lokl igl ,Zaa .160 !ggg 058 2323 ?-.g g? -;-gg %
L35 | 963 o7 | W77 280 . 08| . . £h2 . .
55 | .991 217 | W99 200 | J7es| 128 LG99 05 | .662 283 | L7k
L1735 | L.000 .57 | 831 220 .720| 8| 718 A5 | 681 I35 | JTIM
193 | 1.000 257 | 858 L2701 5] 168 .7E9 % 691, 4335 Sl
. 1.000 297 | 806 20| 786 | 198 | .m0 . SO 535 | TR
233 | 1.000 % gﬁ J:':m % gzrg TT0 % %52 %g g.?l.
b3t ?’g g &;'f jgg é? 'hs'g B728 1%; g;;
BT . . -9 051, . . . .
637 1 1990 720 | 960 | .58 .883 565 aug 1,533 | 937
BT | -9 820 | .98 628 .910 .665 | .86 1535 | .970
957 |1.000 920 | 919 728 | .50 765 | 891 1.755 | .98
1.120 | 1.000 ﬁ 959 965 | 950 1933 | 999
L.h20 | 1.000 | 1. 1.000 1165 | 961 2,533 | 1.¢00
1.928 | 1.000 J..lpgg 990
1.9

HZ1

Q0c¢ NI VOVN

lg




TABIE VITI.- TEMFERATURE PROFIIE MEASUREMENTS - Contimisd

Stetlen C Btation D Btatdan B Btation ¢ Btatlon E Btatlon I Station T gtatlon K Btation L Station M Btation ¥
Y Y, ¥ Ts ¥, ¥, ¥ ¥ ¥ k£ Y,
ne | Bl | P [mi) B |mi | B | o® .| P .| P 1P | e | B o
Rm E-5; blowing with constant @y = 0.63; vy = .6 fps
X = 6,% in. x = 21,8 in. x = 46,5 1n, x = 70,4 in. x = 96.0 in
R, = 14,720 By = 50,650 R, = 107,800 By = 158,200 R, = 217,400
0.005 | 0.066 0.008 | 0.019 0.010 | 0,018 0,010 | 0.0hk 0.011 | .06
009 | 066 OLL| .019 Q02| .2k 012 .obh 015 Lou6
.010| ".066 .016| .0RL .01k | 028 S5 | WOb6 Q18| .om2
012|066 021 .03 019 | ke 018 .oh8 023 | .o70
017 83 .006| 029 SO .05 €03 | L0556 .28 | .083
o2l . 05| .058 09| .05 088 | 062 035 | 096
L7 1 056 | Ok 05| 06k 053 | 06T 038 | .120
052 1% okl| .CB8 0391 .003 38| 071 LO0b5 | .1eg
037 L1858 6| .058 Lok | 090 b3 091 LB L1
Loz L179 051 071 % 116 L8| 106 053 | 179
JOB7) 200 . 083 . 138 L83 137 %81 .192
o052 222 L0600 Lo8s Ki, N Y m8l 152 063 | g0l
W8T 25 %i 106 N 083 | L17T 068 .238
062 260 . 351 069 | 189 L0658 | .200 075 .2%L
.067| .28 0011 .1%8 OTh | 180 o753 | e g& 299
072 | .309 101 135 08| .20 LO78) WAl .03 g
OTT| 333 JA11 W81 ook | .286 L0831 Lom6 0881 .
082 348 A28 212 A0 | .29 088 266 093 | .20h
087 .36 31y 219 A | 306 098] .30 JA05 | 325
J0921 %% A Lzt A3 W32 JA08 | 331 J13 ] J3mL
087 12 JA6L | .2TT A% | L3528 L8| L356 125 | 368
L1028 | 435 JABL| .317 A7 | 328 e8| 368 235) 386
L2 LLTE o200 % A9 L3R0 ﬁ 403 AR5 399
Jage | sk 201 L Ak 358 . o7 183 | W
J321 558 - T 51 =T N T 4] 681 Lhs) AR 433
k2| 961 261} 419 S| 53 1880 476 J19% | 66
b2 | 661 28| 50 TR T Y 208 ;g 213 .hB8
182 | .79 301 | AT N1 N T ] 28 . 235 | ok
202 793 32! 521 Sl 565 £h8 | .o L2631 508
Y a4 | s | 637 268 568 313|525
e | B76 361 | .STT m 690 298| .90 3631 T
02| .95 Aol | &k K-)ITH m B 63 | 60
352 .o b2 605 1.0 | .B92 . N, ) S35 63
408 | ook 471 W8 L1k .93 S8 696 613 | .04
S02 | 998 521 | JBae 1.22h{ 045 T8 gg Ak ] .69;
702 | 1,000 571 858 11 .983 OB . 913 T3
908 | 1.000 B | 888 1.3} .908 1.148| .Bs2 1.113 gﬁ
Q 550 2.2k | 1.000 1.3M8| .B75 1.513 | .8us
R 971 1.6k8 gz 2,013 | .900
o 981 o8| . 2.513 | .961
1. 992 g.318| .588 2,765 | .
1991 | 998

51%)

gocg NI YOVN




NACA TN 3208

TARLE VIIT.- TEMPERATURE PROFILE MEASUREMERTS - Comtdmued

89

Btation C Station D Station E Station @ Btation E Station T Btatlon T Btation X Btation L Btation M Btation ¥
szl e e |a] ]| 2] (2] {2l ]&]:

= 0.65; uy = 1T.6 fps

x = k6.5 in.
Ry = 15,000
0.010 {0.103
ol .

+015 <131
w017 | 128
019 <10
02l | 1L
025 | .182
w025 | 211
E
:g% 129
o | e
.37 | .293
039 | 311
JORL | 322
o3 | 353
K 348
083 :579
w088 | 395
B sk
5| a2
:1.1.3 aé2
125 | k6T
83| s
|
2 %
2|2
3a .

2|
:Eg; 652
N3 22‘9’
X835 693
53 | m2
Z% K

:ga v
'553 22
85| a3
905 | 868
9531 87T
1.005| .85
1.053| .925
1103 | 932
L.153| 937
1.205 »

L2533 | 9
1305 .9
Thos| .86
1.s05| .39
1603 .54
T.705 | 1.

1.503 | L.o00
2.105 | 1.000




it L JLE B

Btetion C Station D Station B ftation G Station H Station I Ftation J Station K ftation L Station M Station X
A - IP-CO S PO I (G T A IS AR T A T P NS G- (T P IO T A
Run B-8; blowing with constant @y = 1.2; ny = 13.6 fps

x = 44,5 in, x = 83,1 in

R = 462,000 Ry = B03,000

0.013 | 0.205 0.013 [0.171
01 | 225 .01k | 175
.015 | .239 .06 | .201
-016 | o9 .mf | 295
-020 ﬁ 023 | .263
.02k | 300 (031 1 508
g 53 7] 036 | 395
: +H9 LOhL | LB
o | 36 066 | oo
.o | JA32 076 | .48
O | AT 095 1 b0
.12 .5;.& 186 :72
A58 | 5 A56 | Lhee
.A9% | 562 .1 508
';.2:‘ 'gu eg‘.‘@' ,_5‘!-&
. 635 396 | 582
o . . 557
N Eadl B2 1.195 gg;
O | .B28 13%6 | .
1.09% | .886 1.%56 | .BsL
1.29% | .929 1,796 | 886
1.15& ggg 1.9% .;13
1. . 2.) .
1.80% | 996

2,098 | 1,000

g0c¢ NI VOVN




WAt 0= e a1 i ien L Nem mli o a e s Lpsimmel

Btaticn X Btation G Btatiom H Btatica I Btatdon J Btation X Btation L

e

a e A |a]e @]l |a]e

in. in.

Fum I-10} bloving v, = 1/Y%) gy = 1.8; 1wy = 9.3 fpa; lawiner regla

-

BB R REEERES

f;'.i; ...
B
8398

2

i

REBEESE4EE
5

188

Buhe

o
i

. .
»

888883

n
bk
P

X = 10.7 in.
By = 26,500
0.009110.0%7
010 | L0
02 | 0%
LT | 083
02 | .072

&

ERaBE,

EEENY pha!

BEEkkEERBIRaES
&Y

172

529

963

605

637
182 | 666
292 | 69T
02 | T
o |
2ho | 13
262 | .86%
2682 | 500
e | 916
2 Pz
a2 | 9%
e | o
e (1000
G2 |1.000

QoS NI VOVM

%




TIELE VIII.- TEMFERATURE PROFILE MEASUREMENES - Comblmsed

NACA TN 3208

Btation N

Station M

By = 195,200
000950.

x = 83.2 in.

fEN5ER R RRIAARTE ARIAY NS COYRINERERRENRYE

B 3
EERER A R LR e R TS EES S LB E R PLEELED

................... AAAAAND

Btatdon L

Atetion K

Station T

Btatlon X

ftatdon X

Btation G

FTm B-11; saotion with constent @g = -1.2; u; = k.8 fys

(=]

EEEL] mmwﬂwmmmm@mMmmmmmmmmmmmwmmmmMﬂammwMﬂ@

-------------- .4 08 0w

Btation B

¥;
in.

Station D

REREEARGAIS LS mﬁmmmmmmmwmu%mm TR
35555822 58059 OKRET AR EEARAIRNAIRR

015 | .eo08
013
Q15
<023
-023
-027

Btatlon G




TABIE VIII.- TEMPERATURE PROFILE MEASUREMERTS - Cootinuved

Btation G Station D gtation Ptaticn @ Btation H Station I Btatdion J Bteticn E Btetdon L Btation M Btation ¥
b ¥ Y ¥ ’ 2 £ 4 ¥ ¥ ¥
o | A B P A I -G I - T A T (P - A I T P4 BT A -
Run E-1?; suctlon with constent @y = -1.2; uy = 19.8 fpa
x=6,11n, |x=10.7 . |x = 2L.5 in. x = 58,1 in, x =584 in x = 83.3 in.
Ry = 38, Ry = 100,000 | B, = 214, Ry = 371,800 R, = 570,100 = 810,000
0.0055 | 0-irdh | 0.0088|0.272 | 0.0055]0.152 0.005 | 0.250 0,005 | 0.857 0.005 | 0,109
006 .1;55 .006 % 006 ghlg 006 ;22 006 %é .005 hag
. Sl . . . . . . . 007! 143
000 | BB 000 B3] 009 | LETD 009 | L8IT OO W5 L5 LB
010 | 547 [ 010 | kR 010 | L20h 011 | 430 010 zgia 010 | .288
JOLL | 567 | .01 | 5T W01 | 310 L0035 | 463 011 . .011| .320
012 | 587 | .02 | JATh| L0053 | 318 .01% | .98 .012 | ha29 012 | .33%
L013 | 602 | L0153 [ 406 | 015 | 540 JOLT | «54T WUl | J65 L13 | 356
O | 618 | .01k | 403 | 017 | 368 .019 | .B35 016 | 503 .015 | 588
016 % 016 | 5261 L0109 | 383 021 | 530 018 | 529 L.O1T | BT
018 ] . 018 ( 59| 022 | 21 .02k | mmT .020 | .55% 019 | BT
020 | 716 | 020 | 568 .02 | JLhD 027 | STh Q022 | ST 021 | JATL
022 | s | 022} 580 | .020 | .L6B 032 | 609 027 | 634 .023 | JS50L
Ok | o7en | .02k | 608 033 | Lbeb L0357 | 633 032 | 672 025 | 521
<026 | 91| 026 | 625 057 | 530 Jh2 | L6 037 | 115 -027 | 347
W026 | JBLL| L0258 | JE5L| JO4L | 503 T | 055 L0828 | WTHHE 030 [ 50
030 | 829 | .030 % b | 587 057 | T LO8T | JTTO .33 | 608
032 | B8] w032 | . .0%0 | .63 .067 % 2052 93 056 | 658
O3 | 85| 034 | W70 | L0939 | 662 LO773| L8 057 | 797 039 .§5§
W030 | BT5 | L030 | STIH| 00D | JE93 007 | 820 L00Z | 01D UG [ W05
Lo | B05 | oL | STk | L0685 | .719 ot | -853 ggg N O48 | 726
Lok | 016 | Lob6 | J7BL| 070 | JTAT 27| 896 . .058 055 | .36
O | g3 | Losd | L8151 075 | 763 T | 920 092 | 879 038 7L
058 | o5 | 050 | .De2| 005 | LOOD J1OT | 580 L1128 | L0995 003 |

59 | L9508 | 061 ggg 295 | WBhe 197 g% 32| 932 .068 éi?;
08 | 967 | 086 | . 2105 | .883 Bhr ] . 52 W9k %5 B21
g& 082 | .om6 | 922 .u1m | 897 297 | .59 182 | .95 083 | Bhy
. 998 | 086 | 97| .125 | .923 ST | 596 212 | .56 093 | 869
00 | ool | L096 ]| O9GA| 135 | 979 ST | 998 .22 ggj 103 | .885
118 | L9906 | .116 | 961 Jllg 953 SHT | 1.000 o2 | .983 J23 | 920
~1ih 11,000 [ 136 | .989 | .165 | .972 352 | 983 43 | 952
«158 | L1.000 « 10 990 « 185 902 «0d Y2 192 1,
2% |1.000 | .236 |1.000 % 992 592 | .996 243 | 970
356 {1.000| . 1.000 652 | 1.000 5% 982
2315 |1.000 152 | 1,000 A3 | J992
355 11.G00 558 [ 1.000 3 | 990
643 | 1.000
~Th3 | 1.000

R02¢ ML VOVN
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TABLE VI1I.- TEMFERATURE FROFILE MBRAGUREMERTS - Comtdrmued

Btaticn C Statlion D Station E Btaticn G Station X Station I Station J Btatlon X Station L Station M Station R
AR T I T P LT RO T O I O O I I I T O O S O P
T B-14; soction with comstant @ = -3.53 u) = 20.2 fpa

x = 10,7 in. x = 58.% In.

= 102, = 531:300

R _-'__I-—. -

U U008 0200 LA [TRLDD

006 [ 338 090

007 | 373 006 | .283

. [ 20 007 -0

011 | 50k 313

013 | 558 008 | A1

.9:!.2 .égﬁ =390

01T | .00Z2 003 | WShG

019 | 6RO E;

019 | .80 011 .Ebo

0011 .52 .&
023 | . 015 | .

027 | .81 015 | 567

020 | 803 500

AT =3 ATy =1

UL Ly #] alAL[ PRy

.326 ggg - ggg
S| . . .

¥ 237

SB[ W58 OET ] A5

.06l | .912 55T

L0801 | .982 32| .o

J0l | 956 580

S35 1.035 L3571 8T

181 |1.009 ST

3L [1.000 087 | .863

351 (1.000 gg;
05T | .

855

057 | 843

825

087 1 L9580

-B57

107 |1.000

»340

BT W950

957

"Imml;urermctua-mvidn];. Two rasdings vere mede ot each position of the probe.

N

™
!
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gtation € Stetlon D | Bbatiom E Station G Btution K Btatiom I Station J Station X Station L Btation M gtation ¥
¥ ¥ ¥ ¥ Y» k4 ¥ ¥y Y, ¥
AR - A T A T NP T A - A T A BT A I (A Y 2 PG T 4 B
Ruon E~17e; blowing with constant v, = 0.04; uy = 0.0 fpa
x=6.1dn [x=10.7 in. | x = 2L.5 in. x = 38,1 in. z = 58.} in. x = 8%.3 in,
By = 59,100 | Ry = 100,800 | By = 216,200 Ry -= 373,500 By = 572,300 By = 813,200
0.005 | 0.255 | 0.005 | 0.250 | 0.0055]0.1239 0.005 | 0.058 - 0.003 | 0.154% 0.005 | 0.13%4
L0058 | W327) L006 | 318 006 | 168 006 133 006 { .21k 006 | .1k6
oo7 | 3551 -007| .315) .o07 | 221 L007 | W2 oa7 | .222 .008 | .158
008 [ 33| 009 | .38L] .oo8 | .221 009 ﬂ OFF | D JOLG | #ETO
Q1o %} .01 | .35%| .010 | .280 0L . 015 | 279 .012 Jl.gg
o | .38 006 | JA3h| .o12 | 303 013 | 2% o1y | .308 07 .
ot | 4oo| .o021L | .87 .015 | .326 ols | .56 022 | ks 022 ;2(
016 | 418| L03L| W3%9| .020 5 oL | -283 ozt | .39 032 .
018 | b LO8L | LE1B] .025 082 | 33T o2 | .hoB -Oh2 ﬁ?.
020 | b3 «05L | 451 030 | Jhk2 027 gg 03T | WP 52 .
025 | Ao1| .o7L| .68%| .0k0 | .hgo 032 | -381 VT | 136 062 | h35
L0530 | 536 L0901 . 050 | 535 L0537 | -398 BT | 5 JO72 | -h60
033 AR FB% O70 | 993 LOhT | WJBha 077 gﬂ hop
b0 Ag1| 868§ .o90 | 593 057 | b0 097 gﬁ .092 | W99
-050 | 636 .eeL] 868| .10 | 628 057 | 460 k7 | WS 102 | 518
L0060 | 673 B9L] .922] .130 | .651 JOOT H0u «197 79 L2122 | JSH2
070 ﬁ Shl| 961 180 | .TO9 JAo7 | S5 .27 | 615 132 | L
. . 361 . 330 zg A57 | TS .297 a2 | 561
000 | 845 .bOL|L.000| .330 | .B £07 | -619 T | 679 162 | 567
.100 | LB91 430 | WBT2 7| L66 iﬁ . 92 | S5
J10 | 92T 550 | .69 507 | 650 . .200 ﬁgg
A30 | 985 .30 | 988 Jor | S 597 | .58 32 | W6
150 | 973 -950 {1,000 507 'ES 697 > ez ?9
170 | 1.000 1.230 | .988 L07| 853 197 15 JA22 | W6TL
'&nn BTT 297 | 850 122 | -Thk
. .902 1,197 | .81 922 | 107
507 | 929 1.397 | 936 1122 | 81
1,007 | 965 1997 | 956 1522 | 0%
1107 | 965 1.797 | .993 1.522 | .Boc
L.207 | 973 1,997 |1.0c00 1.722 | .91k
1407 | 1.000 2.197 | .M L922 | 939
1.607 | 1.000 £.128 | 95T
1807 | 901 e.322 | 95
el
3.322 |1.019
S.522 |1L.000

H*

g0c¢ NI VOVN
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g 8
" ™ 2]
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REEREREREENRIERERLRREEEERIRRS a&a&%ggﬁgg éé Akl
..................................... Z B
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Bw g
-2
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Matiom 0 Satiom B Sttt on T Chabdon T
¥ k4 ¥
o I A I I Y O I

Run E-20b; blowing with congtant v, = 0,125 wy =

= 2.k 1in,
Ry = 865,000
0.006 | 0.081,
007|009
-000 1 .116
-011 Iu-6
L0153 ] W11k
016 .1h9
L0191 .170
Q22| L190
025 | L197
029 | .2e0
»O5 .%:
»0, -5
o | 3

FIGENeEET BB EEERR3RRE

0S¢ NI VDVN

2828588ER!

i

CEEEEEELERLMER TR Y
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EABLE ViLLi.- TEMPERATURE PRCFILE MEADIREMENTY - Coptimued

Station C Btation D Btetlm B Sation G ftation H Station I Bhation 7 Station ¥ Station L Station M Btetion ¥
¥ L £ ¥ Vs k4 Y ¥ Y, ¥ Y
m [ B | tns | B | am. | B | im. T - T A L O . IO A I A B B A
Fun E-2la; blowing with constent g = 0,913 uy = 59.8 fys
x = 6.1 in. x = 294 in. X = 6.2 in. [ x = 83,5 in.
Ry = 179,700 Ry = 869,300 R, = 1,408,600 lax = 2,450,000
0.006 | 0,264 0.006 | 0.934 0.0055 }0.30%5 0.005 |0.2h5
007 | .329 00T | -2TT 006 | 305 O0T | 30
008 | Jh21 008 gg 007 ',ﬁ 008 | .320
008 | L350 L0 . 009 § . 010 | .330
L010 | L307 013 | 342 .012 | .320 L0 | 345
013 | 357 D16 | 359 015 | L3286 019 | 365
018 | .hoo 020 | 370 .020.| 33T 08} .
025 | Wb 05 | TS 025 | RS o5 | Lh1s
e8| 36 030 | 397 035 | -337 Ok | MO
258 | 29 .00 | 118 L85 | J3h3 O | A5
.058 gg; .050 | b6 085 | 12k | B0
008 | . 060 ;:25 085 | 383 L | L5500
A28 | . 080 | b7 205 | 3% 2T | 550
D5 | LBl A0 | . iy 03 38 000
208 | 093 20| Aa2 208 | kot A1 | 593
258 | 1.000 .10 w2 | ok 57|
+308 [ 1.000 160§ b5 305 | 531 LT | 635
3568 | L.000 1801 505 4305 | L0600 T | T
Jo8 | 1.000 220§ 527 505 | .6u6 L1t | .77
508 | 1.000 20| 533 605 | 691 L.37h 395
320 | 609 05 |..737 L57 | 87
«JTO | 05 807 | 77T 1.4 | .50
420 @‘é 505 | Bn 1.97% | .40
A70 | 728 1105 | 891 2,17 | .965
520 | W93 1305 | L9 2,37 |1.000
LT0 g 1305 | 966 2.57h |1.020
620 | . 1.705 | .9% 3.07h |1.005
.T20 | .880 2.005 [L.006 3,574 |1.030
B20| 929 2.505 H..000 4.078 |1.000
20 | 90T 3.005 pi.000 k.57 | 955
1.120 | 989
1.320 | 1.005
UL | LR
I Pl , I

g02g¢ NI YIOVN




TABLE VIII.~ TEMPERATURE FROFILE HEASUREMENYE - Comtimued

Station ¢ Btetian D Station B Station G Station H Btation I Station T Btation X Stetion L Btation M Btation ¥
AR LI A A N P LD A I (A N IR N A N A N - I I IV
Bun B-22; suotion with constmit v, = -0.015 uy = 4.9 fps
x = 6.0 in. x = 21.h in. x = k6.1 in.
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TABIE VITT.- TEMFERATURE PROFILE MEASUREMENTS - Contlmied
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Run E-23; sucticn with constant v, = -0.0k; uy = 4.8 fps
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TABLE VIXI.- TEMEERATIRE FROFIIE MEASUREMENTS - Coubtinmed

Btation C Station D Statdon X Btaxtion @ Btation H Station I Btation J fteatiom K Btatlon L Station M Station N
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TABLE TX.- VELOCTVY PROFIIEH CALCULATED FROM MEABURED LAMYNAR TEMPIRANIRE PROFILES
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TABLE IX.- VELOCT®Y PRUFILES CALCULATED FROM MEABURED LAMINAR TEWPERATURE PROFILES - Comtimued

Btetion C Btatlon D Biation B gtation ¥ Stetion ¢ Station H Station T Btation J Btation K Etatlon L Station M Btation N
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TABLE IX.- VELOCIEY PROFILEE CATCUTATED FRON MEASDRED LANINAR TRMFERATIRE PROFILES - Contimmed

Station C Btation D gtation B Staticm ¥ Btation G Btation K Btatdon I Btation T Btation X Btation T Btation M Btation X
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— — Fiim theory (same for ail \ \ \
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1
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Figure 1.- Theoretical predictions of the effect of mass transfer on the

transfer coefficients plotted as 6 versus @.
Process 7 | Correction factor, 6 |Rate factor, @
(2) (a)
c E:S:N M
Momentum i .cf_ __.J__i_i
transfer Tx U1P1Cry
2 _N:Msc
§53%p
Heat transfer SEE L —i——-———il
k hy hy
=N
Diffusion of E%L— Ei— —1~—£
specles i im Ky K*i

8asterisk indicates value in absence of mass transfer (@ = 0).
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Figure 2.- Theoretical predictions of the effect of mass transfer on the
transfer coefficients plotted as @ versus R.

Process 7, Rate factor, ¢ Resigtance factor, R
(a)
2%1\:3343 EZ?NJMJ
Momentum 1 A — . —_—
transfer uiPicr, uiPics
N M- 2_NiMic
B ‘T‘ R Rt g o To - T
Beat transfer o J Jch J J =2 1
k hy h Ty - Ty
%—N'j Z.ij Xi0 = X137
Diffusion of | —t— - = =
species 1 6Dim i Ky ji%—— - X0
T

&psterisk indicates value in sbsence of mass transfer (R = @ = 0).
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Figure 3.~ Theoretical laminar-boundary-layer profiles with suction snd

blowing (mass trensfer rate verylng as 1//X). Pp = L; By =
v
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® Fon (@ Suction screens (6 Flexible bottom wall
(@ Calming chamber () Porous fest wall g Screw jacks
(3 Nozzle (%10 ft 8) Windows
e 1" (® Gompartments
®B.-_. | , (9---ah I@ _ gbove_ "test wall
el io orifice
Heating elements
Raffles
Boits to adjust

tension of screens

Test-wall heating element; fiberglas
cloth; thermocouples; 80-mesh
electroformed screen

Gold-plated reflector sheets {screens
are also gold-plated)

Suction pipes to orifices ond ejector
._Truveling hot-wire anemometer

{on sied)

@ @ @ @&

I A
|

Section AA

Figure 4.~ Over-all view of tuonel.
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. L-83668
Figure 5.- Velocity measuring probes. From left to right, hot-wiré, 0.019-1inch
outside-dlameter boundary-leyer impact tube, and 0.010-inch outside-dismeter
boundary-~layer impact tube.



w
e | | | A
! ' ' ' _M-—--Baffle
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[ e [~
B | . —opregnageeegmyae :;i;' ______ .F_...L_:av_-r____i;__
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// ,_I / !
| T8 ac” To’
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Figure 6,- Control volume used for emergy balance calculations. Eoergy input,
qgr + WepTp; energy output, hA(TO - Tl) + chTo + Losses.
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: L-83%669
Figure T.- Temperature messuring probes. From left to right, low-veloclty
' probe and high-velocity probe.
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1.0 Station D 10-D
8 L/,/O’O/r oF 1O~F
13) FG 10-G
IO/O}); —O—H 1.0-H
v /O/c o1 P11 10-1
7:/5 —— o-J 10-J
oL —1.0-L
o o]
|_o—
|_o—]
o2 = SN |ON
D/O/ ,O/’O/M
/O/O’/o/’ K
Station  x,in. Rx gin.  din. 5
D 6.8 88,000 0044 0023
F 16.2 206,000 075 052
G 22.1 280,000 092 064
H 30.1 382,000 123 085 4
I 38.8 492,000 .i150 .105
J 46.9 595,000 AT0 0 122
L 70.8 898,000 .260 .185 >
N 964 1220000 322 .234 .
. :
0 2 4 6 .8 10 .2 1.4 16 1.8
y, in.
(2) Run V-1. No masss transfer; 1 = 25.8 fps.

Figure 8.~ Mean velocity profiles.
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1.0 z = 1.0-C
k-] ;Dxro D 1.0-D
6 JZ >0 F 1.0-F
4 ////ﬁ)/(r__{)J——Q.H 1.0—H
2 ‘/ﬂ o—=aq J 1.0—J
|
c-0 g IA —— 1.0—M
/°7 |_—O"[Station M
oo )/ )
F-0p—F L 6
/ Station  x,in. Rx in.  o,in
% c 36 46000 0.050 0029
H-0 D 69 88000 .096 062
f F 6.2 206000 .205 .I23
H 301 383,000 .348 .20|
J=0 J 469 598000 .522 .304
% M 835 1064000 914 516
M-0 ' | |
0 4 .8 .2 1.6 20 24 2.8 3.2 36
y, in.

(b) Run V-k.

Figure 8.- Continued.

Uniform blowing rate of 0.13 £ps; u; = 25.9 fps,
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1.0 =00 1.0-C

o D : {.0-D

—O0 E 1.0-E

L OF

@??%mw
: T

t0-G

—o5
oy,
4

R = = Station J~

R

£-0 / /f e 8
/ Station  x,in. Rx &% in. Syin.
6-0 c 36 46000 0009 0004 5
D 69 87000 Oi6 008 — |-
E 1.2 142000 .0OI3 006
F 162 205000 Ol 006 :
H-0 1l 6 221 279000 0Ii6 008 — | 4
’ H 30. 380000 OI5 009
I 388 490000 OI9 012
J 469 593000 022 .0l4
I-O { .2
=03 04 08 12 16 20 24 28 320

y, in.

(¢) Run V-8. Uniform suction rate of -0.13 fps;
U.l = 25.7 fps.

Figure 8.- Continued.
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1.0 1.0-C
o]
.8 D 1.0-D
.6 E 10-E
44 o F 1.0-F
.2 OO0 T 06 1.0-G
D-0 dpﬁr O~ J 1.0-J
E-0 ral _—Staton M |1 0-m
i MP/ 8
Sfation  x,in. Ry &*,in.  9,in
G-0 c 36 46,000 0006 0003 8
D 69 88,000 015 007
E .2 142,000 013 Q07
H-0 F 6.2 206,000 Ol4 008 4
G 22.1 280000 .022 013 :
H 30.1 383,000 .034 023
J 469 528000 058 041
J=-0 M 835 1064000 .il8 087 .2
M-0 0
0 K| 2 3 4 .5 .6 7 8 9

y, in.

(&) Run V-10. Suction with inverse squaere-rcot distribution;

v
C = -e-ug VBx = 3.0; uy = 25.9 fps.

Figure 8.~ Concluded.
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| I T 1 | T i
1.0 |- D -
._1
—
- —
-
4 Station X,in. Vo Ry ]
D 6.6 0.0923 63,100
o G 221 0736 217200 |
) J 46.5 0639 462,000
M 83.1 0577 803,000
| | 1 1 | | 1
0] 49 .8 1.2 1.6 20 24 28 3.2
y, in.

(a) Run H-8. Blowing with @y = 1.2; u; = 19.6 fps.

Figure 9.~ Mean veloclty profiles.



120

NACA TN 3208

Station X, in. Ry ]
E 107 100,800
G 215 216,200
I 38.1 373,600 -
K 584 572,300
M 833 813,200

I I f I |
4 8 1.2 1.6 2.0
y, in.

(b) Run H-1Ta. Uniform blowing v, = 0.0k fps; u; = 20.0 fps.

Figure 9.~ Continued.
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- I l l
I —
K
M —
. Station  «x, in. Ry
' 38.1 371,800
K 584 570,100
4 M 833 810,000 .
.2 —
| i | ] | |
0 ! 2 S 5 6
y,in.

(c) Run B-12. Suction with Pr = -1.2; vy = 19.8 fps.

Figure 9.~ Concluded.
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Run H-6;u, =176 fps; ¢,,=0.63

Station
J

X, in. Vo Ry
465 00298 49000

Run H-8;u, =196 fps; ¢,= 1.2

Station  x,in. Vo Ry
2l J 465 00639 462,000 -
M 83.1 .0577 803,000
o) I [ I | I f
o 8 1.2 16 20 24 2.8 3.2

y,in.

(a) Runs H-6 and H-8. Blowing With constant @.

Figure 10.- Temperature profiles.
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1.0
T i | T ! |
{.0 E —
1.0 G ]
1.0 I -
1.0 K —
1.0 —
=T |
8 ', .
B Station X,in. Ry -
D 6.1 59,100
| E 10.7 100,800
I'I G 21.5 216,200 |
; 1 38.1 373,600
i K 58.4 572,300
ol M 83.3 813,200 _|
f
| l J i l | I
0 4 8 1.2 16 2.0 2.4

y,in.

(b) Run H-1Ta. Uniform blowing v, = 0.04 fps; u; = 20.0 fps.

Figure 10.- Continued.
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12k
| T | ! |
Lol ! —
K
M
Station X, in. Ry
6 —
) I 38.1 371,800
K 58.4 570.100
M 833 810,000
4 -
2 —
! I I | | [
0 N .2 3 4 5 6
y, in.
(¢) Run H-12. Suction with @y = -1.2; u; = 19.8 fps.

Figure 10.~ Concluded.
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(b) Uniform suction.

’ Rq, of ourvas
Mazs transfer condition| Rm. | wy | v, 1ol
. 5 b
No masa fraoeder v-1 |BE&B |0 0,0043 | 0.88
v-§ |88,0 | 0,064 | 0,0047 [ 0.81
Howing v-4 (89, .13 Qi ) &0
v-4 263 ] .28 | 014 | A1
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Figure 11.~ Momentum integrals corrected for mass trensfer.
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Figure 12.- Measured local friction coefficients compared with predicted
values.
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Figure 13.- Continued.



(¢) Uniform blowing.

Figure 13.- Continued.
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(e) Suction at constant @.

FMgure 135.- Continued.
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Figure 14.- Temperature profiles.
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- Figure 14.- Continued.
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Figure 14.- Continued.
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Figure 1h4.- Concluded.
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Figure 15.- Mean velocity profiles in laminar regime with tniform suction.
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(b) Run V-8. wy = 25.7 fps; vo = -0.13 fps.
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Figure 16.- Mean velocity profiles in laminar regime with inverse square-

root suction distribution.
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(2) Run H-8, stations G, J, and M. Blowing with @ = 1.2;
u = 19.6 fps.

Figure 18.- Turbulent velocity and temperature profiles compared on
dimensionless basis.
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Figure 18.- Concluded.
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Figure 19.- Turbulent friction coefficients

compared with film theory.

NACA TN 3208 143
| [ T T T TTT I [ T T TTT
4— Suction: —
N Negative ¢F ]
o ©
ot // o —
/
e A
// o A
IO =
8 — — o
o]
- O 7
6 %\ ~ o —
| > . —
Ai— Blowing: \ ° —
- Positive ¢¢ \\o _
—— Film theory \
.2+ Mass transfer distribution \ o —
o Constant vy \
& Constant ¢p (vo « x'o'z)
I | } I T T O | I |l d [ 1111
“ .2 4 6 8 | 2 4 6 8 [0
2Vg
¢F = Ce Uy



|
2T Pohihausen

\\é'

A7/ | Sfation  x,in Rg

%
N

AN MY T ™

(™

Lt

/ S ¢ 2iB8 48330
o/ e I 384 83600
A A A 465 104,100
A 704
Agy L 704 152800
4 8 1.2 |6 20 24
D B
iy 2y A/ X

(a) Bun H-1. No mass trensfer; v = b fps,

Figure 20.- Temperature profiles of laminar re

goz¢ NI VouN




